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ABSTRACT 
STUDY OF THE RATE AND SPECTRUM OF SPONTANEOUS MUTATIONS 
by 
Way Sung 
University of New Hampshire, September, 2011 
Mutations are the initial force responsible for all aspects of genetic 
variation, and are a central part to evolution in all organisms. Yet despite its 
importance, the previously high cost that is associated with surveying mutations 
at a genome-wide scale has limited the understanding of the mutation process in 
eukaryotes. However, recent high-throughput sequencing technology has greatly 
reduced the cost of surveying mutations. By applying high-throughput 
sequencing to mutation accumulation experiments, we have begun to 
characterize the genome-wide mutation spectrum of eukaryotes. 
Across all eukaryotes, we observe a biased rate of G/C-> A/T mutations 
that exceeds the number of A/T->G/C mutations. This finding is consistent with 
spontaneous deamination of cytosine or methylated cytosine. Alternate forces 
such as selection or G/C biased gene conversion must be driving eukaryotic 
genomes toward a higher G/C composition than expected from mutation bias. 
In Paramecium tetraurelia, we observe a nuclear mutation rate -75 fold 
lower than previously expected. When the base substitution rate per generation 
XV 
is extrapolated to the rate per expressed sexual cycle, it is equivalent to that 
observed in multicellular species with comparable genome sizes. This suggests 
that natural selection operates at germline expression, and favors a minimum 
rate that opposes random genetic drift. 
Using a natural population of Daphnia pulex we catalogue simple 
sequence repeats (SSR) and determine average heterozygosity of each SSR 
type. We find that SSR heterozygosity is motif specific, and positively correlated 
with repeat number as well as motif length. We identify a motif-dependent end-
nucleotide polymorphism bias. Our observations also confirm the high frequency 
of multiple unit variation at large microsatellite loci. 
We observe that structural variants in C. elegans and S. cerevisiae, which 
are -1000 fold larger than base substitution rates on a per nucleotide basis, 
occur on the same order of magnitude as base substitutions. The rate and 
direction of structural gains and losses differ between yeast and C. elegans, and 
we hypothesize that the rate of structural variants corresponds with the coding 
portion of the genome. We also confirm a high rate of gene inversion and gene 
loss in the life history of C. elegans. 
XVI 
Introduction 
The Study of Mutation Spectrum and Rate 
Mutations are changes in the DNA sequence of a cell's genome, changes 
which are ultimately responsible for shaping the genetic landscape of all 
populations. The study of mutation is critical to a wide range of research fields 
including population genetics, cancer research, and genetic disorders. Because 
mutations are often repaired or removed through drift and selection before they 
can be assayed, it has been extremely difficult to accurately describe the rate 
and spectrum of mutation across eukaryotic organisms. Estimates of mutation 
rates range from 2 x 10"8 for multicellular eukaryotes (Denver, Morris et al. 2004) 
to 1 x 10"9 for unicellular eukaryotes, and 1 x 10"10 per nucleotide site per 
generation for prokaryotes (Drake, Charlesworth et al. 1998; Drake 1999; Lynch 
2006). 
Mutations can arise spontaneously through endogenous mutagens or 
induced through exogenous mutagens. At the molecular level, DNA bases 
sometimes undergo depurination, and deamination, and oxidation, (Lindahl 1993) 
leading to a mutated base. Mutations can also be induced exogenously using 
chemical properties, that can crosslink, damage, or intercalate into the DNA 
(Lodish 2008). In addition, errors during DNA replication such as base 
misincorporation or slippage can lead to base substitutions, insertion, and 
deletions (Lodish 2008). Under normal circumstances, and excluding heavy 
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exposure to environmental mutation (Dubrova, Grant et al. 2002), by far the 
greatest source of somatic mutations is from endogenous mutations, most 
notably DNA replication and repair (Strachan and Read 2011). Based on an 
estimated fidelity of DNA polymerase of 1.7 x 10"6 to 1.7 x 10"8 replication errors 
per gene per cell division, and an estimated 1016 somatic cell divisions in an 
average human lifetime, each gene will be the target for 108-1010 mutations 
(Strachan and Read 2011). Although only a tiny majority of cells will carry the 
mutation, some mutations may alter the cell's reproduction cycle, possibly 
leading to cancer. 
Fortunately for us, a majority of these replication errors are never fully 
realized as they are repaired using a variety of DNA repair pathways. There are 
different repair pathways depending on whether or not the DNA damage involves 
one or both strands of the DNA. Single-stranded damage is repaired using base 
excision repair, nucleotide excision repair, and mismatch repair pathways 
(Strachan and Read 2011). Double-stranded breaks are repaired using non-
homologous end joining, micro homology-mediated end joining, and homologous 
recombination (Strachan and Read 2011). These repair pathways are highly 
conserved across eukaryotic organisms, and knocking out these genes has been 
shown to increase the mutation rate and spectrum (Sia, Kokoska et al. 1997; 
Denver, Feinberg et al. 2005). However, it is still unclear whether slight 
differences in the repair protein structure or DNA polymerases between similar 
organisms has an effect on repair activities, and whether the copy number of 
these genes can effect mutation rate. When these mutations occur in the 
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germline, they can be inherited in the next generation. The mutation rate in the 
soma has been shown to be much higher than that of the germline (Lynch 2010). 
Mutations can be subdivided into at least 5 major categories: 1) base 
substitutions, 2) small insertion deletions 3) simple sequence repeats 4) large 
insertion deletions, 5) rearrangements. 
Base substitutions are defined as nucleotide changes that result in a 
different nucleotide from the original sequence. This mutation replaces a single 
base with different nucleotide. There are two major types of base-substitution 
classes; transitions which replace a purine base with another purine (A<->G, C<-
>T), and transversions which replace a purine with a pyrimidine (A/G<->C/T). 
Small insertion deletions are defined as nucleotide changes that result in 
the insertion of deletion of a nucleotide of up to 20 base pairs into the original 
sequence. Simple sequence repeats such as homopolymers and microsatellites 
are a special class of small indels that are short, highly repetitive DNA 
sequences with increased rates of mutation due to replication slippage. Large 
insertion deletions are defined as large scale changes (>20bp) that result in an 
insertion or deletion of a large segment into the original sequence. DNA 
rearrangements can include transposition, translocation, inversions, fusions, and 
other large scale movement of DNA within a genome. 
Studying spontaneous mutations has proven difficult as the number of 
base substitutions per generation is approximately 10"9 (Baer, Miyamoto et al. 
2007). Prior to this work, most estimates of the nucleotide mutation rate have 
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been generated either through mutation construct reporter loci (Kunz, 
Ramachandran et al. 1998; Drake 1999; Hawk, Stefanovic et al. 2005; Lang and 
Murray 2008) or comparison of silent sites/pseudogenes in distantly related 
species, with both approaches requiring some assumptions to be made. The 
first approach requires an assumption about the number of mutations with 
observable phenotypic effects, and requires that the selected locus (or loci) 
reflects the genome-wide mutation spectrum. The second approach requires 
assumptions about divergence times, generation lengths, and neutrality of the 
selected loci. Unless these assumptions hold true, alternative approaches are 
necessary to study spontaneous mutations. 
Once a mutation is introduced and escapes repair, it is subject to the 
evolutionary forces of drift and natural selection. Both processes drive evolution, 
however; genetic drift operates at a molecular level on genotypic frequencies 
through random chance, while selection operates on the phenotypic advantage 
or disadvantage conferred to the individual. 
Drift, Natural Selection, and Population Size 
The relative strength of the evolutionary forces of drift and selection are 
dependent upon the number of individuals in the population, as established by 
early theoretical works of Fisher, Haldane and Wright (Fisher 1930; Wright 1931; 
Haldane 1990). Thus, in order to discuss drift and selection, it is necessary to 
first introduce effective population size. Effective population size (Ne) is the 
proportion of the total individuals (N) in the population that are randomly mating, 
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or contributing to the gene pool. Changes in male/female ratios, selective 
mating, inbreeding, and other factors can reduce effective population size and 
consequently affect drift (Wright 1931). For ease, in the following section where 
we describe the possible outcomes of a new mutation, we assume a randomly 
mating population which is constant in size over time. 
Genetic drift is a random process that fits the general assumptions of the 
binomial distribution. There are two possible outcomes (two alleles), with the 
starting probability of one allele being p, and n trials. The formula to calculate the 
probability of obtaining k copies of an allele in a population of n with frequency p 
in the last generation is then: 
P(koutofn)= - B L ^
 pk(i - p)n-k ( 1 ) 
For a new mutation in a diploid organism, the initial probability is: p = p0 = 
(1/2/V). If we simply substitute /o=1 and n=1 (probability that the new mutation is 
kept in the next generation), we get: 
P (1 out ofl) = ^ 1/2N/C1 - l/2Ne)° (2) 
TT = l/2Ne (3) 
When reduced we get the probability of fixation (TT) is simply equal to the initial 
frequency: n = p0 = (l/2Ne). 
The ultimate fate of a mutation is considerably more complicated when 
selection (s) is involved. The selection coefficient acts in a cumulative fashion 
5 
over many generations, and also varies depending on whether the allele is in a 
homozygous or heterozygous state. The calculation of the final probability of 
fixation requires the use of diffusion approximation to model small changes 
(Kimura 1962). The probability of fixation (7r), of an allele with an initial 
frequency p and an additive selective effect s is (Kimura and Ota 1970; Otto and 
Whitlock1997): 
l - e x p ( - 4 N e s ) ^ ' 
If we replace p with the initial probability of a new mutation in a diploid organism 
= pQ = (1/2JV) : 
_ l - exp( -2N e s /N) ,g> 
l - e x p ( - 4 N e s ) ^ ' 
Rearranging the equation leads us to: 
= (2Nes/N) 
l - exp( -4N e s ) v ' 
As 4NeS ->oo, the denominator -> 1 and the probability of fixation 
approaches 2sNe/N. Since Ne/N is always < 1, the probability of fixation for an 
advantageous allele is at maximum -2 times the selection coefficient s, in a large 
population. 
TT~2S (7) 
The balance of power between the two evolutionary forces of selection 
and drift is primarily determined by fixation probabilities in the two equations 3 
6 
and 7. When these two forces are equivalent, genetic drift and natural selection 
have approximately the same influence on the fate of a new mutation. 
2s = l/2Ne (8) 
Multiplying both sides of equation 8 by 2Ne gives 4Nes = 1. When 4Nes is 
much larger than 1, natural selection is the dominant force in the evolutionary 
fate of a new mutation. When ANes is lower than 1, genetic drift is the dominant 
force in the evolutionary fate of a new mutation. 
In order to study the true rate of spontaneous mutations, we must limit the 
effect of natural selection on new mutations. Based on the calculations above, 
when 4Nes « 1 selective forces on new mutations are reduced, and the fate of a 
new mutation is primarily dependent on random genetic drift. It is extremely 
difficult to determine coefficients associated with each spontaneous mutation. 
Thus, the easiest way to reduce the value of 4Nes is to manipulate the effective 
population size (Ne) through population bottlenecking. 
Mutation Accumulation Lines 
In the late 1960s, Terumi Mukai developed mutation accumulation lines in 
Drosophila melanogaster in order to study mutation rates in the region 
surrounding the structural gene encoding alcohol dehydrogenase (Adh) 
(Aquadro, Tachida et al. 1990). In the experiment, Mukai developed replicate 
lines of Drosophila melanogaster that were repeatedly taken through population 
bottlenecks (Ne<10) in order to minimize the efficiency of selection and 
accumulate all nearly neutral mutations. 
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The underlying principle is that when effective population size (Ne) is 
small, natural selection is inefficient and allele frequency dynamics will be 
governed by genetic drift. An allele is effectively neutral when 4Nes < 1, where 
Ne is the genetic effective population size and s is the selection coefficient of the 
allele (Lynch 2006). An average s based upon yeast knock-out experiments is 
on the order of 0.01 or lower (Lynch, Blanchard et al. 1999). Under these 
conditions, all but the most deleterious mutations are effectively neutral allowing 
for accumulation of a wide range of mutations. 
Selection is often invoked to explain complex evolutionary processes; 
however, based on the estimated small population sizes in eukaryotic organisms 
(Lynch and Conery 2003), it is more likely that the origin of many complex 
eukaryotic mechanisms (alternative splicing, tissue specific gene regulation, RNA 
editing) are dominated solely by drift acting upon nearly neutral mutations (Lynch 
2007). Understanding the rate of spontaneous mutations and the power of drift 
in eukaryotic organisms can greatly further our understanding of eukaryotic 
evolution. Furthermore, surveying the mutation rate and spectrum can provide 
insight on how mutation rates evolve, and the role of selection and drift in 
determining mutation rates. 
Mutation accumulation lines have been developed for nearly all primary 
eukaryotic model organisms including Saccharomyces cerevisiae (Lynch, Sung 
et al. 2008), Daphnia pulex, Caenorhabditis elegans (Denver, Dolan et al. 2009), 
Paramecium tetraurelia, and Arabidopsis thaliana. Even so, the limiting factor in 
studying MA lines has been the cost and time associated with conventional 
8 
sequencing of random loci, and direct sequencing has yielded only a handful of 
mutations (Denver, Morris et al. 2004). 
Sequencing Technologies and Limitations 
Recently, two new high-throughput sequencing technologies were 
developed that can be used in genome-wide mutation rate studies. The first 
sequencing technology developed in 2005 was Roche 454 technology 
(Margulies, Egholm et al. 2005). After extracting pure DNA from the desired 
sample, the DNA is fragmented into 300-800 base pair fragments. Using 
standard biological techniques (i.e, ligatation), short adaptors specific for 5' and 
3' ends are added to each fragment. These adaptors are used for purification, 
amplification and sequencing steps downstream. 
Each single strand DNA is attached to a single DNA capture bead. Each 
bead is separated using a water and oil mixture resulting in tiny reaction bubbles 
containing one bead with one unique fragment. Fragments that do not attach to 
the beads do not have adaptors are removed from the sample. Inside each 
reaction bubble, the bead is amplified resulting in millions of copies of that single 
fragment attached to a bead. 
Consequently, each bead with amplified single fragments are spun down 
into a PicoTiterPlate for sequencing. The diameter of each well in the 
PicoTiterPlate only allows for one bead in one well. At this point, pyrosequencing 
enzymes are added to each plate and nucleotides are flowed in specific order 
over the plate of beads. Each complementary nucleotide gives a 
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chemiluminescent signal using the enzyme luciferase which is recorded by a 
camera and interpreted into a flowgram signal depending on the intensity of the 
light signal. The flowgram can be converted into base calls with corresponding 
quality scores. Because the signal intensity increases with multiple adjoining 
bases, the length of homopolymer tracts cannot be determined (Margulies, 
Egholm et al. 2005). The Roche 454 technology can sequence 1,000,000 
individual reads at greater than 450 bases per read with a 10-hour instrument 
run. 
The second technology commonly used for whole-genome resequencing 
is lllumina (Bentley, Balasubramanian et al. 2008). After extracting pure DNA 
from the desired sample, the DNA is fragmented into 300-800 base pair 
fragments. The sheared ends are repaired and adenylated and adaptor oligos 
are ligated to both ends of the fragments. These double stranded DNA 
fragments are size selected depending on desired library size. 
On each lllumina cluster station, dense oligos with adaptors matching the 
fragments are bound to surface of a flow cell. The DNA fragments are then 
bound to the oligos on the flow cell. The fragments are extended to create 
copies, and these copies also bind to the flow cell surface near the original 
molecule in a process called bridge amplification (Bentley, Balasubramanian et 
al. 2008). This results in a small colony of identical DNA fragments in a tiny 
cluster on the flow cell. After this the reverse strand of the DNA is washed away, 
and sequencing can begin. Flourescently-labeled nucleotides of all 4 base types 
(A,C,T,G) are washed onto the flow cell, and competitive binding to the remaining 
10 
single strand DNA provides high accuracy. The three incorrect bases are 
washed away, and the remaining nucleotide is captured. Using the lllumina 
Genome Analyzer, it is possible to sequence up to 6.5 gigabases per day. 
Rapid advances in full genome sequencing technology has allowed for the 
cost effective study of mutation spectrum at a genome wide scale. Here, we 
perform the first large scale genome wide analysis of the mutation spectrum 
using Saccharomyces cerevisiae, Caenorhabditis elegans, and Paramecium 
tetraurelia mutation accumulation lines. In addition, we survey the genome wide 
simple sequence repeat heterozygosity of a natural population of Daphnia pulex. 
Finally, we use high-throughput paired end sequencing of mutation accumulation 
lines of yeast and C. elegans to determine rates of gene duplication and deletion. 
11 
Chapter I 
Saccharomyces cerevisiae Mutation Accumulation Project 
Saccharomyces cerevisiae (common name: Yeast) is a eukaryotic model 
organism used to study all basic functions of eukaryotic genomes (replication, 
signal transduction, and cell cycle). Yeast genes can be easily manipulated 
through DNA transformation and homologous recombination, allowing for genetic 
study. Furthermore, genetic knockout experiments are ideal for S. cerevisiae 
(Deutscher, Meilijson et al. 2006). In 1996, S. cerevisiae became the first 
eukaryote to be completely sequenced (Goffeau, Barrell et al. 1996). The 
genome is comprised of 12,156,677 base pairs, and contains 6,275 genes on 16 
chromosomes. Saccharomyces cerevisiae is an ideal choice for a mutation 
studies due to its short generation time (1.5-2 hrs @30C). 
To study Saccharomyces cerevisiae base substitution rate, 32 haploid 
yeast MA lines were taken through the mutation accumulation process. Every 
generation, the 32 yeast lines were propagated through a single colony 
bottleneck (or as close to a single colony as possible), reducing the effective 
population size (Ne) to approximately one. At this extremely low population size, 
the efficacy of selection is reduced, with all mutations with selection coefficients 
of -0.1 to be effectively neutral. This allows for the accumulation of all but the 
most deleterious or lethal mutations. Single gene knockout studies have 
estimated the average selection coefficient to be -0.026, with over 76% of all 
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new mutations having a selection coefficient less than 0.050 (Thatcher, Shaw et 
al. 1998). Thus, the mutation rate that is estimated using mutation accumulation 
lines is downwardly biased by a maximum of 24%. 
After an average of -4800 generations, 4 of the 32 haploid lines were 
selected for 454 sequencing to a coverage depth of ~4x. The 454 sequence was 
mapped to the reference sequence strain using the AMOS (Pop, Phillippy et al. 
2004) reference assembler (see methods). 
Nuclear Base Substitutions 
We identified 33 base substitutions (all confirmed using direct sequencing 
- Appendix A) over 4.99x106 nucleotide sampled sites. Of the 33 base 
substitutions, 20 were transversions and 12 were transitions, resulting in 
transition/transversion (Ts/Tv) ratio of (0.62). Under neutral conditions, it is 
assumed that the Ts/Tv ratio is 1:2 (0.5), and in most natural populations, it is 
considerably higher (Keller, Bensasson et al. 2007). The Ts/Tv ratio found in this 
experiment falls between the Ts/Tv ratio found in prior mutation studies using 
URA3 and CAN1 constructs (Ts/Tv = 0.38 and 0.76) (Lang and Murray 2008). 
Using the annotated yeast gene flat file (SGD 2010) we determined 
whether the base substitutions were located in coding or non-coding regions, and 
whether the coding base substitutions were found in silent sites. Approximately 
25% of the yeast genome is non-coding which matches the 25% of our SNPs 
that we found in non-coding regions. The remaining 75% of the SNPs were 
found in coding regions, with 25% of those coding base substitutions found in 
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silent sites. Under neutral conditions, we would expect one out of four of our 
coding base substitutions to lead to silent changes. The combination of both 
neutral Ts/Tv ratios (0.62) and randomly distributed base-substitution patterns 
strongly suggest that the mutation accumulation lines evolved in the near 
absence of selective pressures. 
In order to calculate the per nucleotide site per cell division mutation rate 
we used the equation: 
bs=^ (1.1) 
where bs is the base substitution mutation rate (per nucleotide site per 
generation), m is the number of observed base substitutions, n is the number of 
nucleotide sites analyzed and T is the number of generations that occurred in the 
mutation accumulation line study. 
The standard error is calculated using : 
s s > - & <1-2> 
where bs is the base substitution mutation rate (per nucleotide site per 
generation), n is the number of nucleotide sites analyzed and 7" is the number of 
generations that occurred in the mutation accumulation line study. The result of 
the two calculations is the base substitutions rate per cell division : bs = 0.33 
(0.08) x10"9. 
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Mutation rate estimates using reporter constructs in yeast have estimated 
the baseline mutation rate to be 3.80x10"10 at URA3 (Lang and Murray 2008), 
6.44x10"10 at CAN1 (Lang and Murray 2008), and 1.3x10"9 at SUP4-0 (Kunz, 
Ramachandran et al. 1998).The base substitution rate that we report does not 
differ significantly from the average of these reporter construct mutation rate 
estimates 0.72 (0.33) x10"9. In addition, the averages of the base substitution 
types from the mutation construct experiments were distributed similarly to the 
base substitution patterns found in the mutation accumulation lines (Table 1.1). 



























































Table 1.1- Summary of prior construct results and with mutation accumulation 
line study. * = (Kunz, Ramachandran et al. 1998); + = (Ohnishi, Endo et al. 
2004); *+ = (Lang and Murray 2008) 
For both the reporter construct and mutation accumulation line 
experiments, the rates of G/C -> A/T mutations is 2.9 fold greater than the rate of 
A/T -> G/C mutations. This result is consistent with the observation of nucleotide 
instability that results from spontaneous deamination of 5-methylcytosine or the 
15 
conversion of guanine to 8-oxo-g una nine (Birdsell 2002; Lynch 2007), both which 
would promote G/C -> A/T transitions. 
If Saccharomyces cerevisiae evolved solely on mutation pressures alone, 
the base composition of the genome would be -74%. However, the actual A/T 
composition of the yeast nuclear genome is 59%, suggesting that other 
evolutionary mechanisms are contributing -15% G/C. While selection for G/C 
composition cannot be ruled out, it is more likely that the increased frequency of 
G/C nucleotides is due to the G/C biased gene conversion found in yeast (Marais 
2003). 
Mitochondrial Base Substitutions 
Using in silico methods, we detected 13 base substitutions over 54,762 
nucleotide sites resulting in a mutation rate estimate of 12.9 (3.6) x 10"9 per site 
per cell division. Direct estimate using traditional PCR and sequencing across 
17,786 bp in the yeast mitochondria resulted in a mutation rate of 4.0 (2.2) x 10"9 
per site per cell division. The joint mutation rate of 12.2x10"9 is -37 times the 
mutation rate of the nuclear genome. This result places the ratio of mitochondrial 
base substitutions to nuclear base substitutions (39:1) very high in comparison to 
invertebrates and vertebrates (Lynch 2007). 
All of the base substitutions observed were derived from an A/T site and 
changed to a G/C nucleotide 67% of the time. Without opposing forces, such as 
selection for codon usage, the composition of the mitochondria would slowly drift 
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to 100% G/C. The high A/T content of the mitochondria (83%) reveals that there 
are strong selective forces opposing the mutation drift equilibrium. 
Simple Sequence Repeat Variation 
Simple sequence repeats are known to mutate at a high rate due to 
replication slippage, with the mutation rate increasing with the number of repeat 
units. We extracted the positions of all microsatellites of repeat length 4-10 from 
the Yeast genome (see methods), and identified the consensus microsatellite 
length and any length differences in each line. Across all four lines we were able 
to span 50% of smaller loci (repeat length 1-14) but were unable to find any 
evidence of mutation in any of the lines. Larger loci are harder to span using 
short read sequencing, so it was necessary to assay them using PCR and direct 
sequencing. 
Of the 42 detected mutations, 81% were insertions, with 74% of those 
being single repeat differences (Table 1.2). A similar study using a poly(GT) 
construct yielded similar results (71% insertions, 99% of those being 1 repeat 
unit) (Hawk, Stefanovic et al. 2005). Furthermore, a screen of 6 large 
microsatellite loci yielded 64% insertions with 94% single repeat mutations. 
While there is a clear bias for single repeat unit insertions, it appears to be 
compensated by large repeat unit deletions. This deletion process observed is 
consistent with recent human microsatellite studies that suggest that multi-step 
variation is a significant component of variation at larger SSR loci (Xu, Peng et al. 














•^ m*/. *^4m 
—, 
+2,+2 
Repeat No. of 
type repeats >1 unit 1 unit 
AT 20 — — 
TTA 23 — 3 
TAT 24 — — 
T<3 31 -22, -22, -16 — 
GA 32 -20 1 
TAT 36 -10 — 
Table 1.2 - Summary of observed mutations in microsatellites determined by 
direct PCR analysis. 
The mutation rate of microsatellites followed a fitted regression of 1.75 * 
10-io x |_3.6 ^2 =o.87), where L is the number of repeats (Figure 1.1). This result 
is approximately 10-100 fold higher than previous construct screens (Hawk, 
Stefanovic et al. 2005). The observed differences can likely be attributed to the 
high variance of mutation rate between microsatellite motifs (Bachtrog, Agis et al. 
2000), as well as the efficiency of mismatch repair on inserted constructs. 
We further assayed homopolymeric runs up to 20 consecutive bases. 
Due to the high error rate of homopolymers in 454 sequencing (Margulies, 
Egholm et al. 2005) it was necessary to obtain a joint maximum-likelihood (ML) 
estimate of the read-error rate and the mutation rate of homopolymers (Lynch 
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Number of Repeats / Locus 
Figure 1.1 - Microsatellite and homopolymer mutation rates. Filled circles and 
triangles denote homopolymer and microsatellite assays from this study. Open 
squares and triangles denote construct studies (Hawk, Stefanovic et al. 2005). 
The ML method estimated the fitted regression of 3.7 x 109 x L378 (r2 = 
0.88), while direct sequencing yielded a fitted regression of 1.5 x 1012 x L547 
(Figure 1.1). The maximum likelihood estimate is approximately 1000 fold higher 
than previous estimates while the direct sequencing estimates are nearly 100 
fold higher than previous estimates (Denver, Morris et al. 2004). The disparity 
between the numbers may exist due to the high variance found in mutation rate 
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among loci. Furthermore, random direct sequencing may be able to assay loci 
that are excluded when using our paralogy filters. 
This data suggests a higher mutation rate for homopolymeric runs than for 
microsatellites, consistent with previous natural and MA line experiments 
(Denver, Morris et al. 2004). However, based upon the huge variance in direct 
estimates and ML estimates, simple sequence repeat mutation rate still remains 
unclear. 
Segmental Variation 
To determine large-scale (>1kb) duplications, we used a combination of 
PFGE electrophoresis of 32 MA lines and DNA microarray screens of 8 MA lines. 
We were able to detect 12 increases in chromosome size and 2 decreases 
(Table 1.3). To resolve which segments were involved in the size increase and 
decrease, we hybridized genomic DNA to 6388 oligos representing ORFs in the 
yeast genome. 
The resolution of the PFGE is limited to smaller chromosomes, but we 
were able to correlate four of the 12 large scale changes using both methods 
(Figure 1.2). Furthermore, 5 of the 12 PFGE large scale changes were flanked 
by transposable elements, indicating a cut and paste mechanism for large scale 
transposition. This supports the idea that a large fraction of segmental variation 
is associated with mobile elements. The remaining unobserved changes may 
reflect translocation or large scale repeat expansions that are undetectable by 
DNA microarray analysis. 
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Figure 1.2 - Pulse-field gel analysis showing chromosome size in 11MAIines. 
Each sample lane is labeled by the MA line number. Arrows mark each of the 
changes in chromosome length. Changes in chromosome number are revealed 
by lighter banding. 
The microarray and PFGE also revealed entire genome duplications 
followed by chromosome loss or gain, as well as individual chromosome gain 
and loss (Figure 1.3). These results are consistent with other experiments of 
transient states of trisomy or diploid yeast chromosomal or genome duplications 
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Figure 1.3 - Estimated ploidy levels for each chromosome in the four MA lines 
using sequence coverage depth. 
Our analysis provides the first large scale genome-wide estimates of gene 
duplication and gene loss, 3.4 * 10-6 and 2.1 x 10"6 per gene per cell division 
respectively. Due to the 1 kb window size that was employed it is estimated that 
this is an underestimation, yet the estimated rate is approximately 100 times the 
estimated rate derived from duplicate-gene age distributions in sequenced 
genomes (Lynch 2002; Lynch and Conery 2003). 
22 
Table 1.3 - Large (>30 adjacent oligonucleotides) segmental 























































































































Start-end denotes spans of chromosomal positions in the reference genome; 
Run denotes the number of contiguous oligos on the array in statistical support 
of the segmental change; 
Conclusions 
In this experiment, we demonstrate the power of using high throughput 
whole-genome resequencing of mutation accumulation lines as a means to 
assay genome-wide base substitution rates. The random distribution of base 
substitutions in respect to function, and the neutral Ts/Tv ratio establish MA lines 
as an unbiased method for the accumulation of mutations. 
In Yeast, we observe a high rate of G/C -> A/T mutations 2.9 fold greater 
than the reverse. This result is consistent with the observation of nucleotide 
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instability that results from spontaneous deamination of 5-methylcytosine and the 
conversion of guanine to 8-oxo-gunanine (Birdsell 2002; Lynch 2007). 
Our estimation of per nucleotide per generation base substitution rate is 
not significantly different from previous reporter construct estimates. The 
reporter constructs overestimated the rate of spontaneous mutations by 
approximately 0.39 * 10"9. Direct assay of the mitochondria revealed a high point 
mutation rate dominated solely by A/T->G/C mutations. 
Microsatellite and homopolymers mutate at a high rate due to stand-
slippage during replication. Using genome-wide surveying and maximum 
likelihood methods, we estimate that these simple sequence repeats mutate at a 
-100-1000 fold rate higher than previous estimated using reporter constructs. 
The yeast MA analysis provided a stunning view of the spontaneous 
segmental variation that can occur. The line by line variance for segmental 
variation was extremely high and accounts for 0.019 gene duplications per 
genome, and greatly outweighs the 0.004 base substitutions per genome per 
generation in both size and number. This observation is consistent with that of 
segmental variation in human acting as a major catalyst of gene evolution, 
genomic architecture, and disease mediation (Bailey, Gu et al. 2002; Bailey and 
Eichler 2003). 
Methods 
32 independent haploid yeast lines were passed through single-cell 
bottlenecks on a 3-4 day cycle for 200 cycles. Each cycle originated from a 
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single colony picked from an YPD (yeast extract/peptone/dextrose) agarose 
medium, and streaked after the completion of the cycle. Four lines were selected 
for high throughput 454 sequencing (A1, A4, C5, C8). Each yeast culture was 
grown to a size of ~2 x 1 o7 cells prior to DNA extraction. DNA extraction was 
done using Qiagen genomic tip 500/G kit according to manufacture protocols. 
The DNA quality control for each line was done using a spectrophotometer assay 
(OD A260/280 ~ 1.8) and sequenced on a 454 sequencing machine at The 
Center for Genomics and Bioinformatics at Indiana University. 












































454 Base Substitution Analyses 
The reads for each MA line selected for 454 sequencing (A1, A4, C5 and 
C8) were individually assembled at 90% identity by using the AMOS (Pop, 
Phillippy et al. 2004) reference assembler against the yeast (strain SC288) 
reference genome (Table 1.4). We estimated the base-substitution mutation rate 
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by using multiple filtering criteria designed specifically for 454 analyses. (/) During 
the 454 library-making process, a single PCR read can bind to multiple beads in 
a single amplification bubble, creating high-depth coverage of identical length 
(emulsion PCR artifact). The combination of artificially deep read coverage and 
sequencing errors can lead to false base substitution calls. To reduce the amount 
of emulsion PCR artifact reads, multiple reads (more than one) that are anchored 
by either similar start or similar stop positions are removed from the analysis. (/'/) 
In 454 sequencing, nucleotide triphosphates are washed over the beads one at a 
time and can lead to ambiguity when attempting to resolve the intensity of 
luminescence for homopolymer runs. Homopolymers with size greater than 3 bp 
are highly variable (Margulies, Egholm et al. 2005); therefore, homopolymer runs 
greater than 3 bp with 5 flanking base pair from both ends are removed from the 
analysis. (Hi) Insufficient flushing during 454 washing can lead to single-base 
carry forward insertion events (CAFIE) in a specific flow order (TACG) 
downstream of a homopolymer (Margulies, Egholm et al. 2005). Insertions that 
occur downstream of homopolymer runs 2 bp in the correct flow order leading to 
CAFIE are removed from the analysis, (iv) Paralogous regions can lead to 
misalignment and false identification of polymorphism. Reads that match multiple 
places with the same length and identity are removed from the initial assembly. 
Furthermore, to reduce the number of false calls, each of the -12 million 
positions in the yeast genome and 70 flanking base pairs is extracted from the 
reference to match the average 454 read length (140 bp). These sequences are 
BLASTed reciprocally at E"5 (-85%) against the genome, and any position that 
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matches multiple places in the reference is removed from the analysis, (v) The 
remaining base calls contain positions that display multiple base types. Similar 
base types across multiple lines can result from recently duplicated segments 
before the progenitor line or incorrect annotation of paralogous regions in the 
reference. Any position that had multiple matching base types across two or 
more lines was removed from the analysis. To make our final base-substitution 
calls, each mutant site required bidirectional read confirmation of the mutation. 
To prevent calling mutations that arose before the progenitor line, a minimum of 
one additional read in an alternate line matching the reference base was 
required. In total, 4.99 * 106 (summed over four lines) met our criteria for 454 
analyses. 
Bioinformatic Procedure 
(1) Generate the AMOS format file - afg : 
tarchive2amos -o A1 .afg A1_reads.seq 
(2) In order to generate the AMOS delta alignment - AMOS config file set at 
90% identity for matching, without replacement (-casm layout -i 90 -r -S). 
AMOScmp -D REF=yeast.fna -D TGT=A1jreads.afg A1 
(3) Reduce the delta alignment into reads used only in contigs. 
reduceAlign.pl A1. contig A 1_reads.seq A1.delta A1.reduceAlign 
(4) Fix the delta alignment for the best matching location 
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fixReduceAlign.pl A1. reduce Align A1. fixReduceAlign 
(5) Ordering the read alignment 
orderDelta.pl A1. fixReduceAlign A1.orderDelta 
sort -n -k 3 -k 4 A1.orderDelta > A1.sorted 
(6) removing the 454 artifacts - multiple reads starting/stopping at same 
position 
rem454artifact.pl A1.sorted A1 .rem454artifact 
(7) replace the delta information with 454 artifact remove 
rem454delta.pl A1 .rem454artifact A1 .fixReduceAlign A1 .rem454delta 
(7) Outputting by position the sequence and quality alignment. 
seqAlign.plA1 .rem454delta Al.seq yeast.fna temp 
sort -g temp > A1 .seqAlign 
combineDelta Out.pl A1. seq Align A1. delta Out 
qualAlign.plA1.rem454delta A1 .qual yeast.fna temp 
sort -g temp > A1 .qualAlign 
combineQualOut.pl ALqualAlign ALqualOut 
Microarray Analysis 
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For microarray analysis DNA of each of the 8 lines (A1, A4, A7, B6, C3, 
C5, C8, D1) was digested overnight by using three DNA cutters (Alul, RSAI, and 
Mbol), heat inactivated, and purified through phenol/chloroform extractions. 
Each yeast ORF was represented by a single 70-mer probe designed to 
minimize cross-hybridization. 
For PFGE, cell pellets were harvested and suspended in low-melting point 
agarose (Biowhittaker Molecular Applications) and incubated with spheroplasting 
solution (14mM 2-mercaptoethanal, 20mM EDTA, 0.5 mg/ml Zymolase 20T, 1M 
Sorbitol, 10mM Tris-HCL (ph7.5)). After three incubation steps using LIDS, NDS, 
and TE, the plugs were run at 5.1 V/cm 60-120 sec switch times, for 34h at 4C. 
Mutation Confirmation 
We designed 33 primer sets to PCR amplify 300-500 bp regions 
surrounding the base substitution. We then directly sequenced the PCR product 
in both directions using standard fluorescent sequencing technology using an 
ABI3730 at the University of New Hampshire. Across the four yeast MA lines, 33 
of the 33 (100%) of randomly selected mutations were verified using traditional 
sequencing. The wild-type nucleotide was also confirmed at the mutation site in 
the other three lines without the mutation. 
Authors Contributions 
The author's role in the work involved culturing yeast; DNA extraction and 
purification for high-throughput sequencing, microarray and PFGE; analyzing and 
interpreting all 454 data; base substitution, homopolymer and microsatellite 
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direct sequencing; homopolymer and microsatellite insilico analysis; 
mitochondrial insilico analysis; sequence coverage analysis; microarray data 
analysis; pulse-field gel lab work and analysis; critical manuscript revisions. 
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Chapter II 
Caenorhabditis elegans Mutation Accumulation Project 
Caenorhabditis elegans is a hermaphroditic nematode eukaryote that is an 
excellent model for developmental and physiological studies. In 1998, the 
Caenorhabditis elegans N2 strain became the first multicellular organisms to be 
completely sequenced (Harris, Antoshechkin et al. 2010). C.elegans is an ideal 
model for genetic knockouts using RNA interference (Fire, Xu et al. 1998). The 
C. elegans genome is comprised of-100 million base pairs, and contains 19,000 
genes on 5 autosomes and one sex chromosome (Harris, Antoshechkin et al. 
2010). C. elegans is an ideal choice for mutation studies due to its short 
generation time (-4 days) and has a life-span of 2-3 weeks. 
To study Caenorhabditis elegans base substitution rate, two separate sets 
of 99 C. elegans MA lines derived from the N2 strain were taken through the 
mutation accumulation process. Every generation, the MA lines were 
propagated through a single worm bottleneck, reducing the effective population 
size (Ne) to 1. At this extremely low population size, the efficacy of selection is 
extremely minimized and all mutations deemed effectively neutral. This allows 
for the accumulation, and study, of all but the most deleterious or lethal 
mutations. 
At this point of the experiment, lllumina technology began to outstrip 454 
sequencing in terms of cost effectiveness. However, because the original Yeast 
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MA experiment was done using 454 technology, using 454 technology allowed 
for a controlled experiment that could be used to determine the differences 
between the sequencing technologies. After approximately -4000 cell divisions 7 
C. elegans MA lines were selected for lllumina sequencing and 3 C.elegans MA 
lines were selected for 454 sequencing. The 454 sequence was mapped to the 
reference N2 sequence strain using the AMOS reference assembler (see 
methods). The lllumina sequence was mapped to the same reference N2 
sequence strain using the Eland reference assembler (see methods). 
Nuclear Base Substitutions 
We identified 391 base substitutions across all 10 lines (with 96.4% 
confirmation rate using direct sequencing - see methods, Appendix B) over a 
total of 584 x 106 nucleotide sites (Table 2.1). The average ratio of 
transition/transversion (Ts/Tv) ratio was (0.45), which is very close to random 
expectation (-0.5). In natural isolates of C. elegans, sequences that are 
commonly used as neutral sites (psuedogenes, silent sites, intergenic, intron) 
have Ts/Tv ratios that are much higher 1.2 to 5.0 (Gojobori, Li et al. 1982; Zhang 
and Gerstein 2003). The disparity between mutation accumulation and natural 
isolates may be due to selective purging of transversion sites or differences in 
mutation pressures in natural population of C.elegans. Regardless of the cause, 
it appears that the Ts/Tv ratio of C elegans MA line conform to neutral 
expectations. 
32 
Using the annotated C.elegans gene flat file (Consortium 1998) we 
determined whether the base substitutions were located in coding or non-coding 
regions, and whether the coding base substitutions were found in silent sites. 
Approximately 75% of the C.elegans genome is non-coding and we found 80% of 
our SNPs in those non-coding regions. The remaining 20% SNPs were found in 
coding regions, with 30% coding base substitutions found in silent sites. Under 
neutral conditions, we would expect 1/4 of our coding base substitutions to lead 
to silent changes in amino acid composition. The pattern of randomly distributed 
base substitutions strongly suggests that the mutation accumulation lines 
evolved in the absence of selective pressures. 
In order to calculate the per nucleotide site per cell division mutation rate 
we used the equation: 
bs=^ (1) 
where bs is the base substitution mutation rate (per nucleotide site per 
generation), m is the number of observed base substitutions, n is the number of 
nucleotide sites analyzed and T is the number of generations that occurred in the 
mutation accumulation line study. 
The standard error is calculated using : 
The result of the two calculations is the base substitutions rate per cell 
division for 454 : 3.1(1.9) x 10'9 per site per generation and the base substitution 
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mutation rate for lllumina : 2.5(0.5) x 10A"9 per site per generation (Table 2.1). 
The combined average per nucleotide site per generation mutation rate is 
























































































































Table 2.1 - Summary statistics for base substitutions in C. elegans mutation 
accumulation lines. 
The derived mutation rate estimates did not differ significantly across both 
sets of MA lines and different technologies (lllumina vs. Roche). The mutation 
rate calculations were approximately 3 fold lower than previous direct PCR 
sequencing of MA lines (Denver, Morris et al. 2004). One possible explanation 
for the difference between the two methods is the inability of high throughput 
sequencing to analyze regions containing simple sequences with an elevated 
mutation rate due to slippage. 
Following a similar mutation pattern to yeast (Lynch, Sung et al. 2008), on 
a per-site basis, the rate of G/C -> A/T mutations are 2.2 fold more than A/T -> 
G/C. This finding is consistent with the observation of nucleotide instability that 
results from spontaneous deamination of 5-methylcytosine and the conversion of 
guanine to 8-oxo-gunanine (Birdsell 2002; Lynch 2007). Based on the -50% A/T 
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and -50% G/C composition, other forces other than the mutation process is 
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Figure 2.1 - A) Base substitution rates for each mutation accumulation line, L designated for MA 
lines sequenced using 454 technology, B-designated for MA lines sequenced using lllumina 
technology Standard error bars given in SEM B) Overall base substitution types Standard 
error bars given in SEM. 
35 
Mutation Distribution 
The 391 total mutations were randomly distributed across all of the 
chromosomes (p=0.18, X2 test, df = 5), and not different between the autosomes 
and the X chromosome (p=0.18, X2 test, df = 1) (Figure 3.1). There was no 
correlation between recombination and mutation density (Pearson's correlation 
coefficient r=0.32, P=0.24, two-tailed t test), and furthermore there was no 
difference in mutation rates of the core regions vs. the arm regions (p=0.31, X2 
test, df = 8). Previous studies of C. elegans natural lines show a higher SNP 
frequency in arm regions vs. core regions (Consortium 1998). As the mutations 
are randomly distributed in respect to autosomes and X chromosome as well as 
in respect to core vs. arm regions, thus, it is likely that the low level of core 
variation seen in natural lines are a result of high levels of background 
selection/hitchhiking in the core regions, and not differences in mutation rates in 
the arm vs. core regions. 
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The base substitution process has been well defined in both C.elegans 
and Yeast using high throughput sequencing technology. The numbers of 
mutations identified are orders of magnitude more than previous MA line studies, 
and without the bias found in pedigree or construct analyses. Furthermore, the 
random distribution of mutations, and null expectation of Ts/Tv across the 
genome indicates that the MA lines are minimally influenced by selection and lab 
culturing during their generation. 
The line by line variance of base substitution mutation rate is quite small 
C. elegans. Similar to yeast (Lynch, Sung et al. 2008) and Drosophila 
melanogaster (Keightley, Trivedi et al. 2009), we observe a high rate of G/C -> 
A/T, -2 fold greater than the reverse. This result is consistent with the 
observation of nucleotide instability that results from spontaneous deamination of 
5-methylcytosine and the conversion of guanine to 8-oxo-gunanine (Birdsell 
2002; Lynch 2007). 
Methods 
99 independent diploid C. elegans lines were passed through single 
organism bottlenecks on a 3-4 day cycle for -400 cycles. Each cycle originated 
from a single organism picked from NGM (ethanol/peptone/agar/1 ml 
cholesterol/CaCI2/MgCI2/Yeast Extract) agar seeded with OP50 E.coli, and re-
plated after the completion of the cycle. Three lines were selected for high 
throughput using 454 sequencing (L41, L83, L99). Seven lines were selected for 
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high throughput 454 sequencing using lllumina (B523, B526, B529, B538, B545, 
B553, B574). Approximately 20ml of C.elegans were harvested prior to DNA 
extraction. DNA extraction was done using Qiagen genomic tip 500/G kit 
according to manufacture protocols. 
For C.elegans MA lines sequenced using the lllumina platform, DNA was 
extracted using Qiagen DNeasy tissue miniprep kit according to the 
manufacturer's protocol, and prepared according to standard lllumina protocols 
for genomic DNA samples. A total of 2.5 pmol of prepared DNA sample was 
loaded into each lane of a lllumina flow cell for analysis, totaling 7 lanes. The 
lllumina Genome Analyzer was operated by the Oregon State University Center 
for Genome Research and Biocomputing. Similarly, DNA for C. elegans was 
extracted using Qiagen genomic tip 500/G kit, according to the manufacturer's 
protocol. The DNA quality control for each line was done using a 
spectrophotometer assay (OD A260/280 - 1.8) and sequenced on a 454 
sequencing machine at The Center for Genomics and Bioinformatics at Indiana 
University. 
454 Base Substitution Analysis 
The reads for each MA line selected for 454 sequencing (L41, L83, and 
L99) were individually assembled at 90% identity by using the AMOS (Pop, 
Phillippy et al. 2004) reference assembler against the C. elegans WS185 
reference genome (Harris, Antoshechkin et al. 2010) (Table 2.3). We estimated 
the base-substitution mutation rate by using multiple filtering criteria designed 
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specifically for 454 analyses. (/) During the 454 library-making process, a single 
PCR read can bind to multiple beads in a single amplification bubble, creating 
high-depth coverage of identical length (emulsion PCR artifact). The combination 
of artificially deep read coverage and sequencing errors can lead to false base 
substitution calls. To reduce the amount of emulsion PCR artifact reads, multiple 
reads (more than one) that are anchored by either similar start or similar stop 
positions are removed from the analysis, (if) In 454 sequencing, nucleotide 
triphosphates are washed over the beads one at a time and can lead to 
ambiguity when attempting to resolve the intensity of luminescence for 
homopolymer runs. Homopolymers with size greater than 3 bp are highly 
variable (Margulies, Egholm et al. 2005; Lynch, Sung et al. 2008); therefore, 
homopolymer runs greater than 3 bp with a single flanking base pair from both 
ends are removed from the analysis. (Hi) Insufficient flushing during 454 washing 
can lead to single-base carry forward insertion events (CAFIE) in a specific flow 
order (TACG) downstream of a homopolymer (Margulies, Egholm et al. 2005). 
Insertions that occur downstream of homopolymer runs 2 bp in the correct flow 
order leading to CAFIE are removed from the analysis, (iv) Paralogous regions 
can lead to misalignment and false identification of polymorphism. Reads that 
match multiple places with the same length and identity are removed from the 
initial assembly. Furthermore, to reduce the number of false calls, each of the 
100 million positions in the C. elegans genome and 70 flanking base pairs is 
extracted from the reference to match the average 454 read length (140 bp). 
These sequences are BLASTed reciprocally at E"5 (-85%) against the genome, 
39 
and any position that matches multiple places in the reference is removed from 
the analysis, (v) The remaining base calls contain positions that display multiple 
base types. Similar base types across multiple lines can result from recently 
duplicated segments before the progenitor line or incorrect annotation of 
paralogous regions in the reference. Any position that had multiple matching 
base types across two or more lines was removed from the analysis. To make 
our final base-substitution calls, each mutant site required an average minimum 
quality score of 19 for all base calls at the site. 
Furthermore, we required bidirectional read confirmation of the mutation, 
with an average minimum quality score of 19 for the confirming base calls (0.01% 
base call error when dealing with the minimum of two reads). To prevent calling 
mutations that arose before the progenitor line, a minimum of one additional read 
in an alternate line matching the reference base was required. In total, 72.7 x 106 
sites (summed over three lines) met our criteria for 454 analyses. 
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(1) Generate the AMOS format file - afg : 
tarchive2amos -o A1 .afg A1_reads.seq 
(2) In order to generate the AMOS delta alignment - AMOS config file set at 
90% identity for matching, without replacement (-casm layout -i 90 -r -S). 
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AMOScmp -D REF=yeast.fna -D TGT=A1_reads.afg A1 
(3) Reduce the delta alignment into reads used only in contigs. 
reduceAlign.pl A1 .contig A1_reads.seq A1 .delta A1 .reduceAlign 
(4) Fix the delta alignment for the best matching location 
fixReduceAlign.pl A1.reduceAlign A1 .fixReduceAlign 
(5) Ordering the read alignment 
orderDelta.pl A1 .fixReduceAlign A1 .orderDelta 
sort -n -k 3 -k 4 A1 .orderDelta > A1 .sorted 
(6) removing the 454 artifacts - multiple reads starting/stopping at same 
position 
rem454artifact.pl A1 .sorted A1 .rem454artifact 
(7) replace the delta information with 454 artifact remove 
rem454delta.pl A1 .rem454artifact A1 .fixReduceAlign A1 .rem454delta 
(7) Outputting by position the sequence and quality alignment. 
seqAlign.pl A1 .rem454delta A1 .seq yeast.fna temp 
sort -g temp > A1 .seqAlign 
combineDeltaOut.pl A1 .seqAlign A1 .deltaOut 
qualAlign.pl A1 .rem454delta A1 .qual yeast.fna temp 
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sort -g temp > A1 .qualAlign 
combineQualOut.pl A1 .qualAlign A1 .qualOut 
lllumina Base Substitution Analysis 
The lllumina assembly and base calling was performed by the Denver lab 
using standard lllumina pipeline analysis. Analysis of the flow cell imaging was 
done using Firecrest, Bustard for the base calling, and ELAND (vO.2.2.6) for the 
alignment to the reference genome (WS170). Eland provides read matching to 
unique regions only, and allows for a maximum of 2 mismatches. Reads with 
missing bases (N's) were excluded from the analysis. There were three primary 
requirements for lllumina mutation calling, (i) at least 3-fold coverage, (ii) 
majority of reads (>50%) indicated a putative mutation, (iii) at least one read from 
each direction covering mutation, (iv) Q score average greater than 25. 
Mutation Confirmation 
We designed 29 primer sets to PCR amplify 300-500 bp regions 
surrounding the base substitution. We then directly sequenced the PCR product 
in both directions using standard fluorescent sequencing technology using an 
ABI3730 at the University of New Hampshire. Across the three C.elegans MA 
lines, 27 of the 29 randomly selected mutations were verified using traditional 
sequencing. The wild-type nucleotide was also confirmed at the mutation site in 
the other two lines without the mutation. 
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The Denver Lab designed 54 primer sets to PCR amplify 300-500 bp 
regions surrounding the base substitution. They then directly sequenced the 
PCR product in both directions using standard fluorescent sequencing 
technology using an AB 13730 at the Oregon State University Center for Genome 
Research and Biocomputing. Across the seven C.elegans MA lines, 53 of the 54 
randomly selected mutations were verified using traditional sequencing. The 
wild-type nucleotide was also confirmed at the mutation site in the other two lines 
without the mutation. 
Author's Contribution 
The author's role in the work involved culturing C. elegans; DNA extraction and 
purification for 454 high-throughput sequencing; analyzing and interpreting all 
454 data; 454 base substitution direct sequencing; critical manuscript revisions. 
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Chapter III 
Paramecium tetraurelia Base Substitution Rate 
High-throughput sequencing of mutation accumulation (MA) lines has 
proven to be an unbiased estimator of genome-wide spontaneous mutation rates 
in both unicellular and multicellular species (Lynch, Sung et al. 2008; Denver, 
Dolan et al. 2009; Keightley, Trivedi et al. 2009; Ossowski, Schneeberger et al. 
2010). Under the MA process, repeated population bottlenecks minimize the 
efficiency of selection, enabling even highly deleterious mutations to accumulate 
in an effectively neutral fashion. Mutation rates observed in MA experiments 
correlate with both genome size and effective population size (Lynch and Conery 
2003; Lynch 2010). However, the factors that define the lower limit of mutation 
rate in eukaryotes still remain unclear. Paramecium tetraurelia is a ciliate with a 
unique reproductive biology, and MA analysis may yield potential insight into 
what forces constrain mutation rates. 
P. tetraurelia and other ciliates exhibit nuclear dimorphism, which means 
they contain both a transcriptionally silent micronucleus and a transcriptionally 
active macronucleus. P. tetraurelia reproduce asexually through binary fission, 
during which the micronucleus is not expressed. After -75 repeated fissions 
(data from this experiment), or -30-50 fissions when starved (Berger 1986), P. 
tetraurelia undergoes a self-fertilization process known as autogamy (Berger 
1986), where the macronuclear (somatic) genome is regenerated using the 
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micronuclear (germline) genome (Duret, Cohen et al. 2008). When in contact 
with the correct mating types, P. tetraurelia can also undergo the sexual process 
of conjugation (Duret, Cohen et al. 2008). Any mutations that arise in the 
micronucleus during clonal propagation should accumulate in a nearly neutral 
fashion, and are only realized at autogamy or conjugation. 
Nuclear Mutation Rate 
To obtain the mutation rate in P. tetraurelia, we sequenced the 
macronuclear genome of seven P. tetraurelia MA lines that were propagated by 
single-cell bottlenecks for -3300 generation. The expected base-substitution 
mutation rate (Ubs) extrapolated from the genome size of P. tetraurelia is -1 * 10" 
9
 per site per generation (Lynch and Conery 2003; Lynch 2006; Lynch 2010), so 
we expected to harvest at least several hundred base substitutions. However, 
across all seven lines, our consensus method identified a total of only 29 base-
substitution mutations over an average of 63.2 Mb per line, yielding an average 
Mbs of 1.94(0.95) x 10"11 per site per generation (Table 3.1). A separate 
maximum-likelihood approach estimated the ubs to be 2.64(1.02) x 10"11 per site 
per generation, which is within the standard error of the consensus method. Both 
estimates of Ubs are -75 fold lower than expected based upon genome size, and 
result in the lowest known base-substitution mutation rate per generation ever 
observed. 
Our analysis also revealed a total of five insertions but no deletions across 
all seven lines, with only one involving a simple sequence repeat (Table 3.11). 
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The resulting small indel (insertion/deletion) rate is 3.87(2.1) x 10"12 per site per 
generation. This low ratio of indel to base-substitution mutations (20%) is 
consistent with observations made in humans (-6%) (Lynch 2010) and 
Arabidopsis thaliana (-10%) (Ossowski, Schneeberger et al. 2010). 
Using the annotation of the P. tetraurelia genome (Arnaiz and Sperling 
2010), we identified the functional role of each base substitution (Table 3.1). 
Across all seven lines, 23 out of 29 (79.3%) of the base substitutions were in 
coding regions with the remaining 6 found in intergenic sites, consistent with 
random expectation based upon overall genome composition (x2 test, P=0.48, 2 
df). If the base substitutions are randomly distributed among P. tetraurelia 
codons (Table 3.4), we would expect 29.1% of coding base substitutions to lead 
to silent changes in amino acid composition. The ratio of synonymous (8) to non-
synonymous base substitutions (15) in P. tetraurelia mutation accumulation lines 
does not significantly differ from the random expectation of 29.1 % (x2 test, 
P=0.55,1 df), suggesting that purifying selection on coding mutations was not a 
significant force in the MA experiment (Table 3.1). Moreover, the 
transition/transversion ratio (Ts/Tv) for the 29 base substitutions is 0.38 (Table 
3.1), which is not significantly different from the Ts/Tv random expectation of 1:2 
(X2, P=0.51, 1 df). 
There are 5.2 times more G/C—>A/T base substitutions than A/T-»G/C 
mutations, and if we take into consideration the A/T biased genome composition 
of P. tetraurelia (71%), G/C-+A/T base substitutions are -13 times greater than in 
the opposite direction (Fig. 3.1). The pattern of mutation bias towards A/T is 
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consistent with mutation spectra observed in all eukaryotic MA projects (Lynch, 
Sung et al. 2008; Denver, Dolan et al. 2009; Keightley, Trivedi et al. 2009; 
Ossowski, Schneeberger et al. 2010) (Table 3.7), which can be attributed to 
spontaneous deamination of cytosine or methylated cytosine and the conversion 
of guanine to 8-oxo-guanine (Duncan and Miller 1980). A:T—>G:C transitions are 
completely absent from the data (Fig. 3.1), so the ubs of A:T-»G:C transitions 
must be lower than 2.26 x 10'12. 
If the P. tetraurelia genome reached its nucleotide composition from 
mutation pressure alone, we would expect a genome composition of 91% A/T. 
However, the A/T content of the genome (71%) and silent sites (76%) (Table 3.4) 
are both lower, implying that A/T mutation bias has been historically opposed by 
other forces in natural populations. Although we cannot completely rule out the 
role of selection on silent sites (Salim, Ring et al. 2008), or the possibility that the 
P. tetraurelia genome has not reached mutation-drift equilibrium, the structure of 
the P. tetraurelia genome may facilitate G/C fixation by biased gene conversion 
(Duret and Galtier 2009). An inverse correlation has been shown to exist 
between chromosome size and G/C content in the macronuclear genome of P. 
tetraurelia (Duret, Cohen et al. 2008). Given the increasing density of crossover 
events expected in smaller chromosomes (Duret, Cohen et al. 2008), and the 
large number of micronuclear chromosomes (>50) (Aury, Jaillon et al. 2006), the 
force opposing A/T mutation pressure is likely to be G/C-biased gene conversion 
found in most organisms (Duret and Galtier 2009). 
Evolution of Mutation Rate 
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If we assume the correlation between genome size and Ubs in eukaryotes 
holds true in P. tetraurelia (Lynch and Conery 2003; Lynch 2006; Lynch 2010), 
we would expect a ubs of 1.5 * 10"9 per site per generation. However, our direct 
estimate of ubs in P. tetraurelia is -75 times lower than expectation, and also 
lower than any prior observed ubs in any organism to date. Coincidently, P. 
tetraurelia undergoes -75 asexual generations where the germline 
(micronucleus) is duplicated but not expressed. During this period, deleterious 
mutations accumulate silently unfettered by natural selection, after which they 
are entirely expressed during the sexual phase. More importantly, the selective 
advantage of anti-mutators, which are alleles that can reduce per generation 
mutation rates, is greatly increased. 
Newly arising anti-mutators do not have an immediate selective advantage 
as they share the same genetic background as everyone else, however, the 
strength of an anti-mutator scales proportionally to the amount of time that it 
remains linked to its genetic background (Kondrashov 1988; Kondrashov 1995; 
Drake, Charlesworth et al. 1998; Lynch 2008). In most species that reproduce 
sexually, it takes an average of two generations (two meiotic events) for 
recombination to unlink an anti-mutator from its beneficial genetic background. 
However, due to its nuclear dimorphism, P. tetraurelia undergoes -150 asexual 
generations prior to two recombination events. Since nearly all of these 
generations are silent, the selective advantage of new anti-mutators that arise in 
P. tetraurelia is effectively 75 times stronger at germline expression. It has been 
proposed that the lower limit for mutation rate is bound by the inability for natural 
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selection to operate on anti-mutator alleles that do not have a selective 
advantage exceeding the power of random genetic drift (Kimura 1983; Lynch 
2010). Under this model, if selection operates on mutation rates at germline 
expression, P. tetraurelia will be able to achieve per generation ubs that are 1/75th 
that of an organism with comparable genome size that expresses its germline 
every generation. By dividing prior expectations of ubs based on genome size 
(-1.5 x 10"9 per site per generation) by 75, we reach a ubs of -2 x 10"11 per site 
per generation, which is within the standard error of the direct estimate observed 
in this experiment. The ubs per generation in P. tetraurelia is on the same order 
of magnitude as the ubs per germline cell divisions in higher eukaryotes (Table 
3.14), which further suggests that selection operates on mutation rates at 
germline expression. Remarkably, the P. tetraurelia ubs per generation is three-
fold lower than the lowest ubs per germline cell division found in humans (-6 * 10' 
11). 
Modification of B-family Polymerases 
The extraordinary low mutation rate in P. tetraurelia may accompany 
refined or alternative replication enzymes, as modification of catalytic residues in 
yeast B-family polymerases and 3' exonucleases have been shown to have 
direct consequences on mutation rates (Pavlov, Shcherbakova et al. 2001; 
Kunkel 2009). Using BLAST (see methods), we identified all genes in P. 
tetraurelia and another ciliate Tetrahymena thermophila that showed homology to 
eukaryotic B-family DNA polymerases a, 6, £, and £ We suspect that T. 
thermophila may also have a low mutation rate, because similar to P. tetraurelia 
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it has both a micronucleus and macronucleus. Remarkably, we found ciliate 
specific amino acid changes in the conserved active sites of a-region III and £,-
region III resulting in a switch of amino acid polarity (T—A/; T—A//I/M) (Table 
3.12/3.13). For proofreading exonucleases of DNA polymerase e, we observed 
ciliate specific differences in exonuclease II that result in a change to highly 
charged amino acids (F-*R/K) (Table 3.13). Although these major changes in 
amino acid composition may not necessarily translate into an improvement in 
DNA fidelity and lower mutation rates, it is peculiar that P. tetraurelia has an 
unusually low per generation mutation rate and that all other taxa are generally 
conserved at these sites (Table 3.12/3.13). 
Mitochondrial Mutation Rate 
The same selective pressure that is stabilizing the mutation rate in the 
silent P. tetraurelia germline should not apply to the mitochondria, as the 
mitochondria are expressed every generation. Similar to all eukaryotes, the 
mitochondria in P. tetraurelia do not undergo a single organelle bottleneck every 
MA generation, and are expected to be found in a heteroplasmic state for at least 
a few thousand cell divisions. Using identical methods used to detect nuclear 
base substitutions, we detected zero fixed mitochondrial mutations across the 
seven lines with an average of 39422 analyzed sites per line. However, we were 
able to estimate mitochondrial base substitution mutation rates by using the 
fraction of mutations that attained higher frequency for a single nucleotide than 
expected from random sequencing error (Figure 3.4). If we sum the allele 
frequency of all heteroplasmic MA derived mitochondrial base substitutions, we 
51 
reach an estimate of 6.96(2.44) x 10"8 base substitutions per site per generation 
(Table 3.3), which is on the same order of magnitude (10"8) as other eukaryotes 
(Denver, Morris et al. 2000; Haag-Liautard, Coffey et al. 2008; Lynch, Sung et al. 
2008; Lynch 2010). 
Conclusions 
Mutations are critical to all evolutionary processes, and understanding 
mutation enhances our knowledge of inheritance, divergence, and genetic 
disorders. After 3300 generations of mutation accumulation with extreme 
bottlenecking in seven fully sequenced Paramecium tetraurelia genomes, we 
obtain an estimate for the spontaneous base-substitution mutation rate of 
1.94(0.95) x 10'11 per site per generation, which is the lowest base-substitution 
mutation rate per generation ever observed. However, when the base 
substitution rate per generation is extrapolated to the rate per expressed sexual 
cycle, the latter is comparable to the per generation rate in multicellular species 
with comparable genome sizes. These results support the idea that natural 
selection favors the evolution of a reduced mutation rate at germline expression 
compatible with opposing the power of random genetic drift. Ciliate specific 
modifications to active sites of DNA polymerases a, z, and £ may contribute to 
the high level of replication fidelity. 
A remarkably low Ubs in P. tetraurelia suggests that estimates of Ne 
derived from 4A/eu are likely lower than previously suggested (Snoke, Berendonk 
et al. 2006; Catania, Wurmser et al. 2009). In addition, a low ubs is likely 
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responsible for the observed allelic homogeneity of Paramecium species from a 
wide range of geographic sites (Catania, Wurmser et al. 2009). It is worth noting 
that another ciliate Tetrahymena thermophila undergoes multiple rounds of 
vegetative reproduction prior to a sexual cycle, has strikingly similar modifications 
to the same active sites in B-family DNA polymerases as P. tetraurelia, and very 
low silent site diversity (Katz, Snoeyenbos-West et al. 2006), although it remains 
to be seen whether low per generation mutation rates are common to all ciliates. 
Methods 
Mutation Accumulation Process 
The Paramecium tetraurelia mutation accumulation (MA) lab strains 
originated from a cross between P. tetraurelia wild type-strain 51 and P. 
tetraurelia strain 29 selected for endosymbiont resistance. The resulting strain 
(d4-2) was repeatedly backcrossed to strain 51 in order to ensure that d4-2 is 
isogenic at nearly all loci when compared to strain 51. The d4-2 strain was lab 
propagated prior to sequencing using whole genome shotgun sequencing (WGS) 
to a coverage depth of ~8x (Aury, Jaillon et al. 2006), and assembled into the P. 
tetraurelia reference genome v1 (Arnaiz and Sperling 2010). Another individual 
from the same isogenic d4-2 strain was used in this MA experiment. 
100 independent P. tetraurelia (strain d4-2) were passed through single 
cell bottlenecks for -3300 generations, with unavoidable self-fertilization 
(autogamy) occurring every 20-25 days (-75 generations) ensuring fixation of 
new mutations. Every 20-25 day cycle originated from a single P. tetraurelia 
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picked from wheat grass medium (yeast extract/ cerophyl/ Na2HP04/ 
stigmasterol/ H20) and seeded with Escherichia coli strain OP50. The 100 MA 
lines were maintained using standard protocols (Aury, Jaillon et al. 2006). 
Prior to DNA extraction, each P. tetraurelia MA line was filtered using 10 
urn Nitex filter cloth, and washed several times in Drys Buffer (sodium citrate/ 
NaH2P04/ Na2HP04/ CaCI2). Homogenization and lysis was done using 0.5% 
Nonidet P-40 suspended in MgCI2/ TrisCI/ sucrose. After centrifugation of the 
lysate, the supernatant containing most of the bacteria, mitochondria, and 
micronuclei were discarded. DNA extraction was done using CTAB buffer 
extraction and purified using standard phenol chloroform and ethanol 
precipitation to lllumina library standards. 
Sequencing and Alignment 
We applied high throughput 76bp paired-end lllumina (lllumina GAIIx 
platform) sequencing to 8 randomly selected mutation accumulation lines of 
Paramecium tetraurelia (MA15, MA25, MA30, MA40, MA45, MA55, MA60, 
MA70). The average library size (distance between paired ends) for the paired-
end sequencing was ~175bp. The paired-end reads for each P. tetraurelia MA 
line selected for lllumina sequencing were mapped against the Paramecium 
reference genome v1 (Arnaiz and Sperling 2010) using NOVOCRAFT assembly 
software v2.05.33 (available at www.novocraft.com). 
For all nucleotides that mapped, we converted the lllumina quality scores 
to phred quality scores (Q) that are linked to sequencing error probabilities (P) by 
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Q=-10 log-ioP (Ewing and Green 1998). The quality score for all lines averaged 
29.7 (base call accuracy -1 in 1000), however, MA45 displayed considerably 
higher deviation of quality scores (Fig 3.3). Furthermore, MA45 had insufficient 
coverage at a majority of sites for mutation analysis (minimum three forward, 
three reverse reads - see consensus approach), reducing the number of 
analyzable sites in MA45 to 24.5Mb (63.1 Mb on average for other lines - Fig 
3.3). Due to the low proportion of analyzable sites in MA45 in relation to the 
other lines and highly variant quality scores, we chose to discard MA45 from the 
final analysis. 
The remaining seven alignments were converted into SAM format using 
SAMTOOLS (Li, Handsaker et al. 2009). Using in-house perl scripts, the 
alignment information was further parsed to generate forward and reverse 
mapping information at each site, resulting in a configuration of eight numbers for 
each line (A, a, C, c, G, g, T, t) corresponding to the number of reads mapped at 
each genomic position in the reference sequence (Arnaiz and Sperling 2010). 
Consensus Approach 
To identify putations (putative mutations), a consensus approach was 
used, which compares each individual line (focal line) against the consensus of 
all the lines. This methodology has been previously used in multiple MA 
experiments with very low false positive rates (Lynch, Sung et al. 2008; Denver, 
Dolan et al. 2009; Ossowski, Schneeberger et al. 2010). Use of the consensus 
nucleotide across multiple lines instead of the reference nucleotide makes the 
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analysis robust against sequencing or alignment errors that may have occurred 
in the reference genome. 
We first identified the majority base call at each site individually for each 
focal line. If 80% of the reads indicated the same nucleotide in the focal line, it is 
designated a majority base call for that focal line at that site. Although there 
were no observable unidirectional sequencing error biases, unidirectional 
alignment errors have been shown to be context specific (Li, Schonberg et al. 
2010). Thus, we added an additional requirement of at least three aligned reads 
in the forward orientation and three aligned reads in the reverse orientation. 
Next, the reads from all seven lines were combined to determine the 
consensus base call for each site. The consensus base call required greater 
than 50% of all the combined reads across all lines to indicate the same 
nucleotide. 
At each site, each of the seven focal lines was individually compared 
against the consensus. If the focal line had a discordant base call that differs 
from the consensus, and at least two other lines contained enough reads to be 
used in the comparison, the site in the focal line was designated as a putation. 
Although this limits our analysis to sites that are covered by a minimum of three 
lines, the use of seven lines covered at ~40x ensures capture of nearly all 
mutations. Putations of the same nucleotide that were shared across all lines 
were designated as shared polymorphisms that occurred prior to the MA process 
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(see shared polymorphisms). Using the consensus approach, and prior to the 
filtering process, we identified a total of 111 putations. 
Shared Polymorphisms 
Shared polymorphisms are differences between the sequenced reference 
strain (Aury, Jaillon et al. 2006) and the progenitor of the MA lines that arose 
prior to the start of the MA project. Although we cannot determine exact time of 
divergence between the sequenced reference strain and the progenitor MA, 
shared polymorphism give us a rough estimate of the spectrum of 
polymorphisms that should arise under natural selection. Shared polymorphisms 
are easily discernible because every focal line indicates the same discordant 
nucleotide from the reference nucleotide at that position. 
As shared polymorphisms are subject to the same sequencing and 
alignment errors as MA derived mutations, we used similar filtering methods 
used to detect MA derived mutations (see filtering sites), and revealed 5289 
shared polymorphisms across the seven MA lines (sites available by request). 
Shared polymorphisms reflect the spectrum of polymorphisms that arise under 
natural selection, and result in a Ts/Tv ratio of 1.26 (Table 3.2). In comparison, 
the average Ts/Tv ratio of the MA lines is 0.38, suggesting that the MA lines are 
evolving differently during the MA process. 
Sequencing Error Rates 
For base substitutions, sequencing error rates were determined using all 
sites that contain a consensus base call (>50% of the reads at a site across all 
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lines) that matched the reference nucleotide (Fig 3.4). For each of the four 
nucleotides (A, C, G, T), the total number of discordant bases divided by the total 
number of assayed bases was used as the base-substitution sequencing error 
rate. The average sequencing error rate across all lines is -0.65%. 
Indel (insertion/deletion) error rates were calculated at sites where the 
frequency of the indel is lower than 5% at a site. A simulated data set using the 
same alignment algorithm as this study showed sites with lower than 5% indel 
frequency are likely to be false positives 99% of the time (Krawitz, Rodelsperger 
et al. 2010). The total number of insertion and deletion events divided by the 
total number of assayed bases was used to derive the indel sequencing error 
rate. Sequencing error rates for base-substitutions and indels were used in the 
filtering process below. 
Filtering Sites 
Sequencing errors, paralogy, and alignment errors are the primary 
sources of false positives and false negatives that can lead to erroneous 
putations (putative mutations). As outlined in the consensus method section, in 
order to reduce the number of false positives, we required that all sites used be 
covered by at least three forward and three reverse reads. Although we did not 
detect any strand-specific read error (forward = 0.00559/site, reverse = 
0.00551/site), this criterion ensures that unidirectional paired end alignment 
errors and strand specific sequencing errors are removed (Li, Schonberg et al. 
2010). 
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We required a minimum of 80% of the reads to designate a majority base 
call for a focal line. The average sequencing error rate per site is -0.65%, so this 
level of stringency should remove all putations that are due solely to sequencing 
errors. Approximately 90% of reference sites across all lines fit these criteria 
(Figure 3.3), resulting in an average of 63.1 Mbp sites analyzed per line. 
We first screened for putations that had low quality scores in the focal line. 
Any focal line that identified a putation using an average quality score under 15 
(equivalent to 95% base call accuracy) was removed from the analysis. 5/108 
putations did not pass our quality score criteria (Table 3.6). 
A large number of false positives will result from assembly errors such as 
unassembled paralogs. For instance, paralogous regions of the genome that are 
only assembled as a single copy in the reference will appear heterozygous when 
both copies are assembled to it. Ideally, this assembly problem will occur in all 
lines, and will appear as shared polymorphisms. However, depending on the 
stochastic nature of the read distribution in lines with below average coverage, 
the consensus method will occasionally identify the difference as a putation. 
Based upon whole-chromosome duplication events seen in prior MA 
studies (Lynch, Sung et al. 2008), it can be argued that assembly of paralogs will 
lead to twice the coverage depth of uniquely assembled sites. However, 
application of a coverage cutoff can discard substantial information (Lynch 2008), 
and generally only provides resolution for larger segments (Lynch, Sung et al. 
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2008). We excluded any coverage requirements in order to maximize the 
number of sites analyzed, and reduce the number of false negatives. 
An alternative method to identify assembly errors without using a 
coverage cutoff is to reassemble the trace reads generated from original genome 
project. Any sites that appear heterozygous are potentially paralogous sites. 
Using the AMOS reference aligner (Pop, Phillippy et al. 2004), we reassembled 
the ~8x trace reads from the reference genome sequencing project (Aury, Jaillon 
et al. 2006) against the reference genome v1 (Arnaiz and Sperling 2010). From 
the reassembly we identified 118934 sites that contained a minimum of two trace 
reads which revealed at least one discordant nucleotide from the reference 
nucleotide. 
The number of sites that we identified as assembly errors (118934) only 
accounts for -0.16% of the total genome; however, they greatly outnumber the 
MA putations (118934:111). Assuming the occurrence of assembly errors and 
putations are independent and randomly distributed among 63.1 Mb analyzed 
sites, the cumulative probability of finding one of these sites to be shared is much 
less than one (3.3x10"9). If we multiply the probability by the total number of sites 
analyzed, we expect 0.2 sites to be shared across 63.1 Mb. 31/108 of the MA 
derived putations share the same position as the unassembled paralogs (Table 
3.7). In all cases, the discordant nucleotide matches the putation, suggesting 
that these putations are false positives due to assembly error. 
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There will be a number of sites where the reference nucleotide does not 
match the consensus nucleotide. Although it is possible that the same multiple 
mutations arose independently in different lines, the low observed mutation rate 
makes this an unlikely scenario. These sites are either shared polymorphisms or 
assembly errors that escaped filtering by the reassembly process described 
above. 
Finally, for the remaining putations, we closely examined the nucleotide 
distributions of the non-focal lines (lines without the putation). If we ignore the 
focal line which contains the putation, the distribution of read errors in all other 
lines should reflect the sequencing error distribution observed for each nucleotide 
type (Fig 3.4). However, 43/108 putations revealed nucleotide distributions in 
non-focal lines that were biased towards the same nucleotide as the putation 
(Table 3.8/3.9). As the sequencing error rates vary from line to line, we used an 
arbitrary cutoff of 0.05, which is approximately 10 fold greater than the average 
sequencing error rate. Any putations that had greater than 5% of non-focal 
nucleotides sharing the putation nucleotide was filtered (Table 3.8/3.9). 
Although the above filtering criteria may seem extreme, Paramecium 
tetraurelia has undergone a series of recent whole genome duplication events 
(Aury, Jaillon et al. 2006), which can lead to an overabundance of paralogous 
alignment and assembly errors. Furthermore, unlike previous large-scale MA 
studies (Haag-Liautard, Coffey et al. 2008; Lynch, Sung et al. 2008; Denver, 
Dolan et al. 2009; Ossowski, Schneeberger et al. 2010), the Paramecium 
reference genome (Arnaiz and Sperling 2010) contains multiple unfinished 
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regions of the genome. The remaining fraction of the Paramecium genome that 
cannot be assembled is likely to be repetitive in nature, contributing to high false 
positive rates. 
It is worth noting that 85% of the filtered putations (67/79) were found in 
the lowest covered lines (MA15, MA40, MA60), consistent with the expectation 
that false positives in the consensus method are associated with low coverage 
assembly errors. The 29 remaining mutations (Table S3) are -26.8% of the 
original putations (29/108), which is comparable to the ratio of final mutations to 
putations observed after filtering on the A. thaliana MA experiment (99/538, 
-18.4%) (Ossowski, Schneeberger et al. 2010). 
Indel Analysis 
The same consensus method used to identify base substitutions was also 
used to identify indels. We required a minimum of 80% of reads covering a site 
to indicate an insertion (in the next site) or deletion of the nucleotide at that site. 
Furthermore, we required a minimum of three forward and three reverse reads 
indicating an indel event. Indels are often difficult to survey due to mapping or 
assembly errors, however, the aligner used in this experiment (NOVOCRAFT) 
reported the best read alignments for indels in simulated data sets when 
compared to other alignment algorithms (Krawitz, Rodelsperger et al. 2010). 
Mutation Rate Calculations 
To calculate the per nucleotide site per cell division base substitution rate, 
we used the following equation. 
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"bs=- (1) 
where p^s is the base substitution mutation rate (per nucleotide site per 
generation), m is the number of observed base substitutions, n is the number of 
nucleotide sites analyzed and T is the number of generations that occurred in the 
mutation accumulation line study.The standard error is calculated using (Denver, 
Morris et al. 2004; Denver, Dolan et al. 2009): 
SEg= l ^ (2) 
The same calculation was used to calculate indel mutation rate, with pbs 
replaced with jumdei-
Maximum Likelihood (ML) Base Substitution Mutation Rate 
The maximum likelihood (ML) estimates of the base substitution mutation 
rate across all lines was obtained by the maximum of the log likelihood function 
(Lynch 2008) using the direct estimate of the mutation rate (1.94xl0"11per site 
per generation) and the base substitution error frequency (-0.005 per site). 
Custom C++ scripts implementing the Newton-Raphson's method of optimization 
(Ossowski, Schneeberger et al. 2010) were used to obtain the derivatives of the 
log-likelihood with respect to mutation rate and error frequency. A minimum 
coverage cutoff of 10 and maximum coverage cutoff of 100 was used to obtain 
the final ML estimate of 2.64(1.02) x 10"11. 
Mitochondrial analysis 
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In order to determine mitochondrial base substitution rates, it was 
necessary to set a minimum allele frequency cutoff for which to call a 
heteroplasmic mitochondrial base substitution. Prior work with lllumina reads 
has shown low false positive rates in calling heteroplasmic mitochondrial base 
substitutions when requiring a minimum of 3 forward and 3 reverse reads with a 
minimum allele frequency cutoff of >0.10 (Li, Schonberg et al. 2010). These 
criteria were used to identify heteroplasmic mitochondrial base substitutions in 
the P. tetraurelia MA lines. 
Although the MA process does not ensure organelle bottlenecks and 
selection is operating at a low efficiency, in order to determine mitochondrial 
base substitution rates, it was necessary to assume the ultimate fixation of a 
mitochondrial base substitution is determined solely by genetic drift. Under 
neutral theory, the fixation rate is proportional to mutation rates (Kimura 1983), 
and the probability of fixation is dependent on the current frequency within an 
individual (di) (Haag-Liautard, Coffey et al. 2008). Sequencing error can 
contribute to allele frequencies at a site, so we subtracted the MA specific error 
rates (Fig 3.4-B) for the reference nucleotide type nucerrat the heteroplasmic 
site. The final estimate for mitochondrial base substitution rate is calculated by: 
ubs = Ii(di - nucerr)/(nT) (3) 
Mutation Confirmation 
We designed 22 primer sets to PCR amplify 300-500 bp regions 
surrounding a single base substitution. We then directly sequenced the PCR 
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product in both directions using standard fluorescent sequencing technology 
using an ABI3730 at the University of New Hampshire. Across the seven 
Paramecium tetraurelia MA lines, 12 of the 12 randomly selected base 
substitutions were verified as MA-derived mutations, and 10 of the 10 randomly 
selected false positives were verified as false positives using traditional 
sequencing. For all cases, the wild-type nucleotide was also confirmed at the 
mutation site in at least 3 other lines without the mutation. 
B-family DNA polymerase analysis 
The B-family DNA polymerases a, 5, e, and £ of the following species were 
obtained from the National Center for Biotechnology Information (NCBI): Homo 
sapiens, Mus musculus, Drosophila melanogaster, Caenorhabditis elegans, 
Saccharomyces cerevisiae, Arabidopsis thaliana, Thalassiosira pseudonana, 
Trypanosoma cruzi, Toxoplasma gondii, Dictyostelium discoideum, Plasmodium 
falciparum, Trichomonas vaginalis, and Giardia lamblia. Each individual DNA 
polymerase was used to search for homology in the gene database for P. 
tetraurelia (Aury, Jaillon et al. 2006) and Tetrahymena thermophile (Eisen, Coyne 
et al. 2006) using BLASTP (minimum e-value of 1e"10). For each polymerase, the 
resulting BLAST matches were combined with the original DNA polymerases 
from NCBI and aligned using the multiple sequence aligner MUSCLE (Edgar 
2004). A maximum-likelihood tree was generated using MEGA v5.0 (Tamura, 
Peterson et al. 2011) with 500 bootstrap iterations. Figures S4-S7 were 




(1) Generate the novocraft reference file with a k-mer of 14 (default) 
novoindex -k14-s 1 para, ndx para, fa 
(2) Generate SAM output alignment of paired end data 
novoalign -o SAM -r None -FILMFQ -f ../data/ma15_1_sequence.txt 
../data/ma15_2_sequence.txt -d ../para.ndx > novocraft.out 
(3) Generate pileup of reads at each position 
samtools pileup -s -c -f ../para.fa merge.bam > novocraft.pileup 
(4) Parsing the novocraft alignment at all positions. 
printSubs.pl ../ma15/novocraft.pileup > ma15.printSubs 
(5) Join the alignment for all lines 
printAIIPos.pl para, fa > para.allPos 
alignPos.pl ma15.printSubs para.allPos temp (for all lines) 
(6) Extract mutations with at least 3F+3R reads with 75% allele frequency 
different from the reference. Also generates positions with differences and 
non-significant differences. 
perl printSnps.pl ma15.printSubs ma15.allsnps ma15.sigsnps ma 15. indel 
ma15.nosnps 
(7) Extract the significant mutation position from the joint output all lines 
sed 's/*/15W ../ma15.sigsnps > ma15.sed 
perl extractPos.pl ma15.sed all.alignPos > ma15.extractPos 
(8) Determine the positions that differ from the reference with at least two 
consensus reads in the other lines. 
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perl printSig.pl ma15.extractPos > ma15.printSig 
perl filterSig.pl ma15.printSig > ma15.filterSig 
perl filterSig1.pl ma15.printSig > ma15.filterSig1 
Insertion/Deletions 
(1) Generate the novocraft reference file with a k-mer of 14 (default) 
novoindex -k 14 -s 1 para, ndx para, fa 
(2) Generate SAM output alignment of paired end data 
novoalign -o SAM -r None -FILMFQ -f../data/ma 15_1_sequence.txt 
../data/ma15_2_sequence.txt -d ../para.ndx > novocraft.out 
(3) Generate pileup of reads at each position 
samtools pileup -s -c -f ../para.fa merge.bam > novocraft.pileup 
(4) Parsing the novocraft alignment at all positions. 
printlndel.pl novocraft.pileup > ma15.printlndel 
(5) Extract indel with at least 3F+3R reads with 75% allele frequency 
indicating an indel. 
perl siglndel.pl ma15.printlndel > ma15.siglndel 
(9) Determine indel positions that differ from the reference that are not shared 
with any other line. 
perl indelSharedFilter.pl ma15.siglndel ma15> ma15.sharedFilter 
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Table 3.1. P. tetraurelia base-substitution distribution and rate 
MA line 







Analyzed Sites (xlO7) 
Generations (xlO3) 
Mutation Rate (xlO"11) 






























































































0.0- T I I I I 
AT>GC G O A T AT > TA GC>TA AT>CG G O CG 
Transitions Transversions 
Fig. 3.3. - Conditional base substitution types for Paramecium tetraurelia MA lines normalized by 
genome base composition, error bars indicate standard error. Gray horizontal line indicates the 
average mutation rate per site across all lines, with grey shading showing standard error. 
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ma15 ma25 ma30 ma40 ma55 ma60 
Paramecium tetraureim MA line 
ma70 
Figure 3 2 - Base substitution rates per site per generation, and standard error bars for 


































- 80 t 
- 60 
- 40 -=T 
20 
ma 15 ma25 ma30 ma40 ma45 ma55 ma60 ma70 
Paramecium tetraurelia MA line 
Figure 3.3 - Quality scores and standard deviation for individual Paramecium tetraurelia MA lines. 
Arrows indicate analyzable percentage of the total genome for each MA line. MA45 was discarded due to 









































Figure 3.4 - Overall lllumina sequencing error rates per site for the nuclear and mitochondrial genomes. 
Error rates are determined by number of nucleotide differences from the consensus / total number of reads 
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100 - Homo sapiens 
Mus musculus 















Figure 3.8 - Maximum likelihood tree for B-family polymerase zeta (Q. Bootstrap values shown (500 
iterations). 
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Table 3.2. Transition:transversion ratios for individual MA lines, and shared differences from the 
reference sequence (Arnaiz and Sperling 2010). 
mal5 
Transitions 
AT > GC 0 
G O AT 2 
Tranversions 
AT > TA 3 
G O TA 1 
AT > CG 1 
G O CG 0 
Ts/Tv 0.40 
MA line 
ma25 ma30 ma40 ma55 
0 0 0 0 
1 2 0 2 
2 1 0 1 
0 2 0 0 
0 0 1 0 
2 0 1 0 
0.25 0.67 0.00 2.00 
ma60 ma70 total shared 
0 0 0 396 
1 0 8 2551 
0 1 8 986 
2 2 7 694 
1 0 3 522 
0 0 3 140 
0.33 0.00 0.38 1.26 
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G O A T 
Tranversions 
AT>TA 



























































































Table 3.4. Genome wide codon usage for P. tetraurelia. 













































































































































(Asp/D) Aspartic acid 
(Asp/D) Aspartic acid 
(Glu/E) Glutamic acid 

















































Bold text indicates four-fold degenerate codons. 
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Table headers from left to right: MA line, scaffold, position, reference, consensus, mutation, coding 
context, coding strand (+) template strand (-), original amino acid, new amino acid. 
EX - exon, IG - intergenic, IN - intron 
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Table headers from left to right: MA line, scaffold, position, consensus, mutation, quality score 
of mutation calls, quality score of all calls across all lines. 
81 
Table 3.7. Putations filtered from trace reassembly. 


































































































































































































































































































































Table headers from left to right: MA line, scaffold, position, consensus, mutation, trace reads 
assembled at site. "Multi" in MA line indicates the putation is called in multiple lines. 
In all cases the mutation that is called in the MA line appears in the trace reads and is a false 
positive due to unassembled paralogs. 
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Table 3.8. Putations filtered using nucleotide distribution in non-focal lines. 












































































































































































































































































































































Table headers from left to right: MA line, scaffold, position, consensus, mutation, nucleotide 
distribution in non-mutant line. 
Putations that have greater than 0.05 nucleotide frequency in the same nucleotide as the 
putation are bolded. 
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Table 3.9. Putations filtered using nucleotide distribution in non-focal lines. 
Nucleotide distribution in 
other lines 















































































































Table headers from left to right: MA line, scaffold, position, consensus, mutation, nucleotide 
distribution in non-mutant line. "Multi" in MA line indicates the putation is called in multiple 
lines. 
Nucleotide distribution encompasses only non-mutant lines. Multiple lines that contained the 
putations were excluded. 
Putations that have greater than 0.05 nucleotide frequency in the same nucleotide as the 
putation are bolded. 
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Table 3.10. Proportions of types of base-substitution types, total number of mutations (N), 














et al. 2010) 
S. cerevisiae 
(Lynch, Sung et 
al. 2008) 





































































































Table headers from left to right: scaffold, position, MA line, consensus. 
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Table 3.12. DNA polymerase B-family catalytic sites and proof-reading exonucleases. 
Species 





























D F N S 
D F N S 
D F N S 
D L N S 
D F N S 
D F N S 
D F N S 
D F N S 
D F N S 
D F N S 
D F N S 
D F N S 
D F N S 
D F S S 
D F S S 
D F S S 
D F A S 
D F A S 
D F N S 
D F A S 
D F A S 
D F N S 
D F A S 
D F A S 
D F A S 
D F N S 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 
L Y P 























































K L T A N S M Y G C 
K L T A N S M Y G C 
K L T A N S M Y G C 
K L T A N S M Y G C 
K L T A N S M Y G C 
K L T A N S M Y G C 
K L H A N SMYGC 
K L§f A N S I Y G C 
K L I S N S I Y G C 
K L T A N S M Y G C 
K L T A N S I Y G C 
K L C A N A M Y G S 
K L T A N S M Y G C 
K V S A N S V Y G F 
K V S A N S V Y G F 
K I S A N S V Y G F 
K I S A N S V Y G F 
K I S A N S V Y G F 
K I S A N S V Y G F 
K I S A N S V Y G F 
K I S A N S V Y G F 
K I S A N S V Y G F 
K V S A N S V Y G C 
K I S A N S V Y G C 
K I S A N S V Y G S 
K L I A N S L Y G C 
Region I 
I Y G D T D S I 
I Y G D T D S I 
I Y G D T D S I 
V Y G D T D S L 
V Y G D T D S I 
V Y G D T D S V 
I Y G D T D S L 
MP 
I Y G D T D S | 
I Y G D T D S I 
I Y G D T D S I 
V Y G D T D S I 
I Y G D T D S I 
I Y G D T D S V 
V Y G D T D S V 
V Y G D T D S V 
I Y G D T D S V 
I Y G D T D S V 
I Y G D T D S V 
V Y G D T D S V 
I Y G D T D S V 
I Y G D T D S V 
I Y G D T D S V 
V Y G D T D S V 
V Y G D T D S V 
I Y G D T D S V 
I Y G D T D S V 
Proofreading 3' -> 5' e> 
Exo I Exo II 
' • • . ; ' i 
r •. v >> r 
i N 1 K 1 
t V V K n 
i IN \ V '! 
I. - i 0 i 
. S 1 .C F 
i 1 L 1 0 
-
> < I 1 , 1 
t \ t\ > 
v i i V i \ 
i ';• I "t! r 
F D I E C 
F D I E C 
F D I E C 
F D I E C 
L D I E C 
F D I E C 
F D I E C 
F D I E C 
F D I E C 
F D I E C 
I D I E C 
F D I E C 





; J ^ < 
i « l» j ! 
r s i f i) 
i Vi I J ( O 













I 0 N V < 
j . Y S 1 V 
) 0 % I< s 
1 1 "' £ D 
i , V\ ' > I < I ' 
\ N 0 -, » 
S Y I P, I 
r i t, v i 
I Q N F D 
I Q N F D 
I C K F D 
I N N F D 
I L N F D 




I T N F D 
I Q N F D 
I I N F D 
N V Q N F D 
N I S N F D 
N C V N F D 
N I D G F D 
;onucleases 
Exo III 
\ K. "1 * 
«! i V> Y ' J is. 
( ti f 1 i) \ 
^ i f . ' O D i ! 
\ \ S VA, J i) 1 
i N 1 I N C 
D I Y <,' LI I 
L S i h I > 
,, , 1 V i\ N 
I. ' I N » ,' 
• i ( v i s i i 
1 f 1 W I 
Q I 1 M ' \ 
Y C L K D A 
Y C L K D A 
Y C L K D A 
Y C L K D A 
Y C L K D A 
Y C L K D A 
Y C L K D A 
*0% 
Y C | K D A 
Y C I K D G 
Y C L K D A 
Y C L K D A 
Y C L K D A 
Y C I K D C 
Major residues from Pavlov et al. (Pavlov, Shcherbakova et al. 2006). a exonucleases in lighter text are not 
involved in proofreading. 
* - designates ciliate specific amino acid change in polarity 
Dark gray colored boxes indicate residues that are specific to the cilatesr. thermophila and/or P. tetraurelia. 
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Table 3.13. DNA polymerase B-family catalytic sites and proof-reading exonucleases. 
Species 





























Polymerase Catalytic Sites 
Region II 
D V G A M Y P N I 
D V G A M Y P N I 
D V G A M Y P N I 
D V G A M Y P N I 
D V A S M Y P N I 
D V A A M Y P N I 
D V G A M Y P N I 
D V G A M Y P N I 
D V A A M Y P N I 
D V A A M Y P N I 
D V A A M Y P N I 
D V A A M Y P N I 
D V S A M Y P N I 
D F Q S L Y P S I 
D F Q S L Y P S I 
D F Q S L Y P S M 
D F Q S L Y P S M 
D F Q S L Y P S M 
D F Q S L Y P S I 
D F Q S L Y P s j f f 
D F § j s L Y P S I 
D F Q S L Y P S I 
D F Q S L Y P S I 
D F T A L Y P S L 
D F N S L Y P T I 
D F R S L Y P S I 
D F R S L Y P S I 
Region 
K C I L N S 
K C I L N S 
K C I L N S 
K C I L N S 
K V I L N S 
K C I L N S 
K C I L N S 
K C I L N S 
KM I L N S 
K g I L N S 
K C I L N S 
K C I L N S 
K C I L N S 
* 
III 
F Y G Y 
F Y G Y 
F Y G Y 
F Y G Y 
F Y G Y 
F Y G Y 
F Y G Y 
F Y G Y 
F Y G Y 
F Y G Y 
F Y G Y 
F Y G Y 
F Y G Y 
* 
K L I A N V T F G Y 
K L I A N V T F G Y 
K L I A N V T F G Y 
K L M A N V T Y G Y 
K L V A N V 
K L 1 A N V 
S Y G Y 
1 F G Y 
K L E,"M*C V V Y G Y 
K L *fM~'G V > F G Y 
K L F M N V M Y G Y 
K L I L N V A T G Y 
K Y V A N V T Y G Y 
K C I A N S L Y G F 
K M L A N T T Y G Y 
K M I A N V S T G Y 
Region I 
L E L D T D G I 
L E L D T D G I 
L E L D T D G I 
L E L D T D G I 
L E L D T D G I 
L E L D T D G I 
L E L D T D G I 
L E L D T D G I 
L E L D T D G I 
L E L D T D G I 
M Y G D I D S V 
L E L D T D G I 
M E L D T D G I 
V Y G D T D S M 
V Y G D T D S M 
V Y G D T D S M 
V Y G D T D S M 
I Y G D T D S M 
V Y G D T D S M 
V Y G D T D S V 
I Y G D T D S V 
L Y G D T D S L 
L Y G D T D S L 
I Y G D T D S V 
I Y G D T D S V 
M Y G D T D S L 
L Y G D T D S M 
Proofreading 3' -> 5' e> 
Exo I Exo II 
F D I E T 
F D I E T 
F D I E T 
F D I E T 
F D I E T 
F D I E T 
F D I E T 
F D I E C 
F D I E T 
F D I E T 
W D I E C 
Y D I E T 
W D I E C 
V t • ' ! v 
r> >. 
, . V ll ' 
' i v 
' l ' . L \ ' 
V t i 1 \ 
* • 1 , \ 
\ 
1 r I 
' , I 
> j / I . 
' " 
+ 
N G D F F D 
N G D F F D 
N G D F F D 
N G D F F D 
N G D F F D 
N G D F F D 
N G D Y F D 
N G D F F D 
N G DJllF D 
N G D J J F D 
N G D F F D 
N G D F F D 
N G D T F D 
I 1 C, \ i II ) 
! • , ». 1' 
, I 0 v > -
1 t • ' "S 
i fi 
i I , ! \ , A -
J i I t- K •-, 
>- K. ^ 
i ! 1 i > " 
\ i i \ 
• 







Y S V S D A 
Y S V S D A 
Y S V S D A 
Y S V S D A 
Y S V S D A 
Y S V S D A 
Y S V S D A 
Y S V S D A 
Y S V S D A 
Ysls DII 
Y S V S D A 
Y S V S D A 
Y S V S D A 
il *! V % k \ 
•1 \ I KX 
" i iv '* n 
\ y i_ t •< * 
I I I 1 A l , 
H \ \ - K v 
¥ S i f- V 1 
< u \ •> ,{ 
1 -S •< •- R i 
. v , 
• 
i I i J -i 
'i T 
Major catalytic residues from Pavlov et al. (Pavlov, Shcherbakova et al. 2006). L, exonucleases in lighter text 
are not involved in proofreading. 
* - designates ciliate specific amino acid change in polarity 
+ - designates ciliate specific amino acid change in charge (positive) 
x - designates ciliate specific amino acid change to aromatic side chain 
Dark gray colored boxes indicate residues that are specific to the cilates T. thermophila and/or P. tetraurelia. 
T. thermophila has 2 copies of the Zeta gene. 
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Table 3.14. Eukaryotic germline base-substitution mutation rates. 
Species 
Homo sapiens (21) 
Arabidopsis thaliana (7) 
Drosophila melanogaster (12) 
Caenorhabditis elegans (5) 
Paramecium tetraurelia 
















































Cell divisions per generation obtained from Lynch 2010 (22). Standard error of mutation rates per 
cell division at expression shown in parentheses. 
89 
Chapter IV 
Simple Sequence Repeat Variation in the Daphnia pulex Genome 
Tandem arrays of DNA nucleotides, known as simple sequence repeats 
(SSR), are extremely dynamic parts of the genome. These tandem repeats vary 
in motif sequence, length, and repeat number. The most common SSR loci are 
homopolymers (repeated single nucleotide), dimers (repeated nucleotide pair), 
and trimers (repeated nucleotide triplet). The highly polymorphic nature of SSRs 
makes them desirable for use in both genotyping and population-level 
evolutionary studies. Simple sequence repeats may influence the fitness of the 
organism (Kashi and King 2006), and in specific cases are known to be causal of 
human disease (Kashi and King 2006). 
A high mutation rate at SSRs has been well documented in a number of 
organisms using microsatellite constructs, pedigree analyses, and mutation 
accumulation (MA) experiments (Toth, Gaspari et al. 2000; Denver, Morris et al. 
2004; Lynch, Sung et al. 2008). The high mutation rate in SSRs is due to a 
propensity for DNA misalignment during replication (Kruglyak, Durrett et al. 
2000), regulated primarily by the universal mismatch repair system (MMR). 
MMR knockout experiments show dramatic increases (up to 100 fold greater) in 
the rate of simple sequence variation (Sia, Kokoska et al. 1997; Denver, 
Feinberg et al. 2005); and suggest that surveillance by MMR may vary across the 
genome (Hawk, Stefanovic et al. 2005). Although the MMR system has been 
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well-categorized in certain species, the components of MMR may vary from 
species to species, which may result in lineage specific patterns of SSR repair, 
and consequently lineage specific patterns of SSR variation (Eisen 1998). In 
addition to MMR fidelity; repeat number, motif sequence, motif size, local rates of 
recombination and genomic location can influence rates of SSR variation 
(Schlotterer 2000; Gragg, Harfe et al. 2002; Hawk, Stefanovic et al. 2005). 
Genome wide analysis of SSR variation in well-characterized systems will 
facilitate a greater understanding of the relationship between MMR evolution, and 
the abundance of SSR and levels of variation at these loci. 
Daphnia pulex (water flea : crusteacean) represents a particularly useful 
platform for the study of SSR evolution. The Daphnia pulex lineage is distinct 
from the two model organisms Caenorhabditis elegans (nematode) and 
Drosophila melanogaster (fruit fly), both of which have well characterized simple 
sequence repeat variation (Bachtrog, Agis et al. 2000; Denver, Morris et al. 
2004). The genome sequence of D. pulex is based on a single heterozygous 
genotype sampled from a natural population with minimal inbreeding (Colbourne, 
Singan et al. 2005). The heterozygosity within the genome sequence can be 
assayed by analysis of the raw sequence reads (8x coverage) allowing a nearly 
genome-wide analysis of the variation at SSR loci. 
There are two main goals of this study. The first is to provide a detailed 
catalogue of SSR loci and their distribution within the genome of Daphnia pulex. 
The second goal is to assay SSR heterozygosity on a genome wide scale to test 
for motif specific rates and patterns of SSR evolution. 
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Catalog and Distribution of SSR loci 
In order to enumerate all types of SSRs in the Daphnia pulex genome, we 
first identified all SSR loci in the largest 100 scaffolds (Daphnia pulex assembly 
9/01/2006; N50 = 103) with repeat motifs from 1 to 100 nucleotides, repeated 
perfectly three or more times. Motif length is defined by the length of the set of 
nucleotides that are repeated, while repeat length reflects the number of times 
that set is repeated. For example, the nucleotides ATATAT have a motif length 
of 2 (AT) and that motif is repeated 3 times. Under these criteria, we identified a 
total of 7,229,342 perfect SSRs, spanning 48.4Mbp (21.3%) of the Daphnia pulex 
genome (Figure 4.1). As with all prior studies, the abundance of all SSR types 
exceeds random expectations based on nucleotide composition (Zhou, Bizzaro 
et al. 2004). Homopolymeric repeats (HPs) make up 93% of all SSRs (6726771 
loci), followed distantly by dimers (4.8%; 347288 loci) and trimers (1.8%; 133428 
loci). The remaining SSRs with motifs larger than 3 base pairs constitute a much 
smaller fraction of the genome. The distribution of SSR in the Daphnia pulex 
genome most closely resembles the SSR distribution in Caenorhabditis elegans 
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Figure 4.1 - Genome-wide Daphnia pulex count for simple sequence repeats for motif size 1-100 
with a minimum repeat size of 3, red points contains repeated amino acid motifs (r2=0.957, p<1e-
10). 
The number of simple sequence repeats follows an exponential decay with 
increasing motif size (Figure 4.1). The motifs with the size class of 24, 36, 42, 
54, and 60 deviating from the regression line (Red in Figure 4.1). Closer analysis 
of these motif classes using D. pulex genome annotations (Colbourne, Singan et 
al. 2005) reveals that the overrepresented motifs are protein coding sequences 
of tandemly repeated amino acid motifs found in multiple copies that are spread 
across the genome. For example, the 24mers are multiple copies of an 8 amino 
acid repeat found in the largest subunit of DNA-directed RNA polymerase II. 
This inflates the count of these motifs, all of which are necessarily divisible by 
one codon unit. 
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Figure 2 
_, , ! , ! , ! , , , r 
0 2 4 6 8 10 
Motif Size 
Figure 4.2 - SSR characteristics for motif sizes 1 -10 with minimum 3 repeats in Daphnia pulex, 
Caenorhabditis elegans, Drosophila melanogaster, Saccharomyces cerevisiae. 
Abundance of Specific SSR Motif Types. 
The number of A/T homopolymers (5,276,83) vastly exceeds the number of G/C 
homopolymers (1,450,489). The ratio of A/T to G/C homopolymers is not 
predicted by the Daphnia pulex base composition (A/T 59%, G/C 41%, p=0). 
The overabundance of A/T homopolymer tracts may reflect unique origins of the 
A/T homopolymers from A/T rich transposable elements (Nadir, Margalit et al. 
1996; Kelkar, Tyekucheva et al. 2008) or base specific mutational patterns in 
repetitive sequence motifs (Zhou, Bizzaro et al. 2004; Kelkar, Tyekucheva et al. 
2008). 
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When studying SSR loci, genome-wide annotations commonly combine 
repeat motifs into complementary and overlapping DNA pairings (Toth, Gaspari 
et al. 2000), such that CA=AC=GT=TG, GA=AG=CT=TC, AT=TA, and GC=CG. 
In each case, the first two motifs of each set (e.g. CA/AC) represent cases where 
the longest perfect repeat begins with each of the two bases and the second pair 
of motifs (e.g. GT/TG) are the complementary base. Our approach counts each 
of the 12 dimer motifs independently and determines the maximum size of a 
perfect microsatellite repeat regardless of the starting base. Using these criteria, 
we observe a bias in the starting (and ending) nucleotide of dimer repeat loci. 
While the number of repeats from each of the two strands is necessarily 
equivalent, the starting base for each motif is significantly biased in all cases for 
both dimers and trimers (Table 4.1). For trimers, we examined the overall codon 
usage for Daphnia pulex, and did not see any correlation between motif class 
representation and codon usage (Table 4.1). 
One explanation for the unexpected count differential between motifs in a 
similar grouping is the existence of a motif specific pattern of end base 
substitution, a phenomenon that has been previously observed in chicken 
microsatellites (Brandstrom and Ellegren 2008). These observations may be 
informative with regard to the origin, or maintenance of SSR loci. To explore 
these patterns further, we analyzed variation at all SSR loci within the D. pulex 
genome assembly involving repeat number, incomplete insertion deletion events 
(indels), and base substitutions. 
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This table nonrandom starting nucleotides in both dimers and trimers. Motif type indicates 
largest possible repeat identified for each staggered SSR set. P-value calculated using 
Pearson's chi-square test for random expectation based upon observed and expected 
frequencies. Preferential starting base is determined by the highest frequency for that SSR set. 
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SSR heterozygosity. 
Multiple models have been developed to explain the pattern of SSR 
variation, such as the stepwise mutation model (SMM) (Ohta and Kimura 2007), 
and more recent models that focus on a balance between the rate and pattern of 
length variation and base substitutions (Kruglyak, Durrett et al. 1998). To 
evaluate the relative levels of these two processes, we analyzed the number of 
loci that were heterozygous for motif unit-length variation and non-repeat unit 
polymorphism (NRUPs). First, we identified all SSR loci that showed significant 
evidence of repeat length variation in the raw sequence data from which the 
genome was assembled (see methods). In Daphnia pulex, we were able to 
assay 6,062,268 of the 7,229,342 total SSRs for heterozygosity, of which 23,360 
of the SSRs varied in length by at least one perfect repeat. Although smaller 
scaffolds may contain additional repeats, there is a large possibility that these 
smaller scaffolds are either contaminated sequences or paralogous sequences, 
therefore we excluded them from the heterozygosity analysis. 
For the five most abundant SSR motif lengths (1-5bp), we observe either 
an exponential or linear increase in repeat length heterozygosity as repeat 
number increases (Figure 4.3). Repeats with motif lengths greater than 5 were 
analysed; however, due to the limited sample of large motifs, we were unable to 
discern any distinguishable pattern. The pattern observed in D. pulex for motifs 
with size 1-5bp is consistent with the previous observation in yeast and humans 
that mutation rate increases are correlated with increasing repeat number (Sia, 
Kokoska et al. 1997; Rose and Falush 1998; Ellegren 2000; Lai and Sun 2003; 
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Kelkar, Tyekucheva et al. 2008). The observed pattern is unlikely to reflect SSR 
sequencing errors because while the frequency of sequencing errors does 
increase with the number of repeats, it is unlikely that the error will result in the 
variation of a perfect repeat unit. 
We then further dissect repeat length heterozygosity, focusing on potential 
differences in heterozygosity among specific motif types. Due to the lack of 
heterozygotes in motifs longer than dimers, this analysis is limited to the two 
homopolymer and four dimer repeat motifs (Figure 4.4a and 4.4b). 
Homopolymers in Daphnia pulex exhibit increased repeat heterozygosity with 
increasing repeat number reaching a maximal rate of increase between 6 and 12 
repeats (A/T i^ = 0.925, G/C r*= 0.899). The G/C motif achieves a much higher 
frequency of heterozygosity (>20%) than A/T loci (-10%). The higher level of 
heterozygosity in G/C loci is consistent with direct estimates of the mutation rate 
using Caenorhabditis elegans mutation accumulation lines, where the G/C 
homopolymer mutation rate was -20 fold greater than that for A/T HP loci 
(Denver, Feinberg et al. 2005), and consistent with previous experiments on E. 
coli, human, and yeast HPs which show a higher mutation rate of G/C HPs 
attributed to possible differences in base stacking properties during replication 
(Ellegren 2004). While it is possible that G/C loci with large numbers of repeats 
are being selectively excluded due to higher sequencing error rates, the fact that 
the A/T loci with lower levels of heterozygosity also show this plateau suggests 
that it may not simply be a sampling bias. If we assume that replication errors 
increase proportionately with an increase in repeat number, a plateau of A/T and 
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G/C loci suggest that there may be a length threshold for differential repair 
activity, length-dependent counter mutation, or selection. 
RopodlNumbar Repeat Numbs' 
Figure 4.3 - Repeat heterozygosity, point mutation heterozygosity and raw counts for 
homopolymers (A, C, E) and dimers (B, D, F). Black lines and squares correspond to A/T 
homopolymers, red lines and squares correspond to C/G homopolymers. Colors corresponding 
to the dimers are green:AC/CA/GT/TG, blue:AG/GA/CT/TC, grey:AT/TA, magenta:CG/GC. (A) 
Percent repeat heterozygosity for homopolymers A/T (r2= 0.925, p<1 e-11) and C/G (r*= 0.899, 
p<1e-10) with increases in heterozygosity highest between 7-11 repeats. C/G heterozygosity is 
approximately 3-fold higher than A/T heterozygosity. (B) Percent repeat heterozygosity for 
dimers with AC>AG>AT>CG (r2=0.862, p<1e-5; r2=0.891, p<1e-5; r=0.736, p<.01; r^O.539, 
p<.2). (C) Point mutation per nucleotide for homopolymers C/G (r2=0.905, p<1e-12) and A/T 
(1^=0.446, p<.01), highest increase in polymorphism occurring at 7-11 repeats. (D) Percent point 
mutation/per base heterozygosity of microsatellites, AT/CG loci with higher proportions of point 
mutations than AC/AG types. (E) Raw genome counts of A/T and C/G homopolymers with 
frequency changes between 7-11 repeats. (F) Raw counts of dimers AC/AG/AT/CG. 
Similar to homopolymer repeats, dimer repeat heterozygosity increases 
with increasing repeat number (AC r^O.862; AG 1^=0.891, AT r^O.736, CG 
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r2=0.539) (Figure 4.4d). Our analysis indicates that the motifs AC and AG show 
the highest rate of increase in heterozygosity (1.22% and 0.99% per repeat unit) 
followed by AT and CG motifs (-0.75% per increase in repeat unit). In a 
pedigree study of forty-two microsatellite loci using six different Drosophila 
melanogaster populations, AC/AG repeats were shown to vary in repeat size at 
-3-fold and -1.5-fold more than AT repeats, with GC repeats not surveyed 
(Bachtrog, Agis et al. 2000). All other things being equal, both Daphnia pulex 
and Drosophila melanogaster have similar patterns of repeat variation such that 
the order of variation by motif sequence is AC/AG>AT>GC. 
Studies in yeast and C. elegans have shown that the homopolymer 
mutation rate is -100-fold greater than the mutation rate at dimer loci (Sia, 
Kokoska et al. 1997; Lynch, Sung et al. 2008). On a per locus basis, the percent 
heterozygosity of homopolymer repeats and dimer repeats are nearly identical in 
Daphnia pulex (+/- 0.5%), with the largest differences occurring at large repeats. 
Together, these observations suggest that the homopolymer and dimer mutation 
rates may be more similar in the Daphnia genome or that selection severely 
limits variation at homopolymer loci. 
Point-mutation Heterozygosity. 
Non-repeat unit polymorphisms (NRUPs) are base substitutions or indels 
that interrupt the continuity of SSR locus and can shape the observed 
abundance of each repeat class (eg. CACATCACA is an interruption of a CA 
dimer with a T). It is extremely complicated to define and compare imperfect 
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repeats, so for our analysis we identified SSR loci that are perfect repeats in the 
assembly, and subsequently looked for the existence of NRUPs in the reads 
aligned to each locus. 
Examination of the NRUPs at HP loci (Fig. 3c) reveals that as repeat 
number increases, the proportion of polymorphisms per nucleotide increases 
(C/G 1^=0.905, p<1e-12; A/T 1^=0.446, p<.01). The rate of increase is particularly 
pronounced between 6 and 12 bases at HPs. We further evaluated the positions 
of NRUPs in a locus by comparing the site of polymorphism to the random 
expectation (Table 4.2). The result shows that at HP loci, point mutations occur 
at the beginning or end nucleotides at a higher frequency than expected, and the 
proportion increases with increasing repeat number, effectively shortening or 
lengthening the HP loci by a single unit. At smaller and more abundant repeat 
numbers (from 3-12 nucleotides), the number of end-point polymorphisms is 
substantial when compared to length variation, and point mutations may have a 
significant influence on homopolymer equilibrium. 
Similar to homopolymers, a significant end bias is found for NRUPs within 
dimer repeats (Table 4.2). At dimer loci with few repeats (less than 5), NRUPs 
outnumber unit length indels, while at loci with 6 or more repeats, unit length 
indels contribute to the majority of variation (Table 4.2). This pattern matches 
results found in a microsatellite study of the chicken genome, which also shows 
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Figure 4.4 • Percent repeat heterozygosity for each motif size in Daphnia pulex. The X-axis 
is the repeat number found in the assembly. The Y-axis shows the percent of loci at that 
motif size that are heterozygous. Motif sizes best fit 1-3 an exponential curve while motif 
sizes 4 and 5 best fit a linear pattern. (Motifs 1-5 respectively: 1^=0.975, p<1e-7; ^=0.990, 
p<1e-8; 1^=0.995, p<1e-6; r^O.824, p<.01; r^O.999, p<.01). 
The propensity for end nucleotide polymorphisms at short repeats can 
lead to a SSR distribution characterized by species-specific mutation biases. 
Our analysis does not allow us to distinguish which of the heterozygous alleles is 
ancestral or derived and it would be interesting to understand if the rate of single 
nucleotide gains and losses are equivalent. A genome-wide SSR study 
involving two closely related populations with a recent outgroup would be 
required to determine how NRUPs affect the equilibrium of SSR length 


































































































































































































This table shows the position of interruptions in simple sequence repeats. End variation 
indicates polymorphism at beginning or end of SSR loci, while middle variation indicates 
polymorphism occurs at interior positions (e.g. Homopolymer with repeat length of three 
has two possible end nucleotide positions and one possible middle position. P-value is 
determined using Pearson's chi-square test for random expectation. 
For at least chicken and D.pulex, these observations suggest that the 
specific abundance of specific types of microsatellites within a genome reflects a 
dynamic balance between changes in repeat number and base substitution. 
When combined with unequal patterns of base substitution, these observations 
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can explain the overabundance of specific starting and ending nucleotides in 
SSR loci (Table 4.1). 
Multi-step variation. 
Recent human microsatellite studies suggest that multi-step variation is a 
significant component of variation at larger SSR loci (Xu, Peng et al. 2000), 
deviating from the SSM model. Furthermore, researchers have shown that the 
directionality of multi-step mutations is length-dependent with a critical repeat 
number at which contractions are more frequent than expansions (Seyfert, 
Cristescu et al. 2008), while others suggest that a critical number does not exist 
(Schug, Hutter et al. 1998). In this experiment, we required that each multistep 
variant displayed a minimum of at least two full perfect repeats. Our analysis 
revealed two patterns. First, for all motif lengths, the proportion of heterozygotes 
that are multi-step increases with the number of repeats at a locus (Figure 4.5). 
Second, the rate of multi-step variation increases with increased motif size. 
Further analysis of individual homopolymer motif types showed that the fraction 
of multistep variation at A/T HP is much lower (12.14% or 2129/17544) than that 
of G/C HPs (27.4% or 972/3547) (Figure 4.5). Dimer loci also show a high 
frequency (-21.3% or 288/1353) of multistep polymorphisms, with AC motif 
showing the highest proportion multistep increase (0.0423) followed by AG 
(0.036) and AT (0.0301) (Figure 4.5). Direct estimates of dimer SSR loci in D. 
pulex and C. elegans show that 73% (173 of 237) of the variation at AC and AG 
loci larger than 13 repeats was multi-step variants (Seyfert, Cristescu et al. 
2008). A similar partition of our data reveals that 52% (12/23) of AC and AG 
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dimer loci with greater than 13 repeats are multi-step differences. Although the 
experiments described above show that most of these multi-step changes are 
repeat length increases, our method of analysis does not allow us to polarize the 
differences between alleles. In any event, there appears to be a motif dependant 
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Figure 4.5 - Percentage of repeat heterozygosity that involves more than a single unit. 
Homopolymers 1^=0.896, p<1e-8; Dimers r=0.927, p<1e-7; Trimers r2=0.927, p<1e-4. 
Density of SSR Loci. 
Although the factors that affect the density of SSR loci within a genome 
remain to be clearly defined, the density of SSRs within genomes has been 
positively correlated with regional rates of recombination in Drosophila 
melanogaster (Schug, Hutter et al. 1998), Saccharomyces cerevisiae (Bagshaw, 
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Pitt et al. 2008), and C. elegans (Denver, Morris et al. 2004). To evaluate the 
density of SSR loci in the Daphnia genome, we ranked the density of SSRs in 
each of the top 100 scaffolds ranging in size from 4.19 Mb to 0.47 Mb (Table 
4.3a). Several scaffolds (68, 81, 83, 89) show a dearth of HP loci and scaffolds 
66 and 98 have a paucity of SSRs with five and six base motifs respectively. 
While no scaffolds showed an overabundance of homopolymers, several 
scaffolds showed significantly high numbers of SSRs, in particular scaffolds 43, 
74, and 76, which have an overabundance of repeats of motif sizes greater than 
1 bp. Simple sequence repeats have been shown to play a role in gene 
regulation (Kashi and King 2006) and consequently would be in close proximity 
to genes. To test if these patterns are correlated with gene density, we 
compared SSR scaffold abundance to Daphnia gene predictions (Colbourne, 
Singan et al. 2005), and show that none of the overabundant scaffolds listed 
previously are either gene poor or gene rich (Table 4.3a). Results found in C. 
elegans (Denver, Feinberg et al. 2005) also show little correlation between gene 
density and SSR density. 
We then used a preliminary genetic map for Daphnia pulex (Cristescu, 
Colbourne et al. 2006) to test for correlations between SSR density and 
heterozygosity with rates of recombination within scaffolds. Based on 61 
intervals in the genetic map that could be assigned to physical intervals in the top 
100 scaffolds, we find that the density of microsatellite loci with motif sizes 
greater than 1 bp show a significant positive correlation with the rate of 
recombination (Figure 4.6). This result is consistent with a yeast study showing a 
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high frequency of microsatellite repeats near meiotic hotspots (Bagshaw, Pitt et 
al. 2008), and further supports role for SSR loci in the regulation of 
recombination. Both microsatellite repeats (repeats of motif size 2-6), and 
homopolymer repeats (single nucleotide repeats) correlate positively with 
recombination rate (Figure 4.7). Homopolymers have array sizes that are 
considerably larger than microsatellites, giving them properties that may 
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Figure 4.6 - Positive correlation between recombination (cM/mB) and microsatellite density per 
Mb (r2=0.376, p< 1e-6). 95% prediction interval represent the blue line, 95% confidence interval 
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Figure 4.7 - No correlation between recombination (cM/mB) and microsatellite heterozygosity 
(r=0.030, p>.1). 95% prediction interval represent the blue line, 95% confidence interval 
represent the green line. 
Within the same intervals, no correlation was observed between 
microsatellite heterozygosity and recombination in Daphnia pulex (Figure 4.8). A 
previous microsatellite survey in humans (Payseur and Nachman 2000) also 
showed no significant correlation between microsatellite heterozygosity and 
recombination rate, however, the scale of the recombination intervals and their 
measurement often make such observations difficult. Although SSRs of all types 
are correlated with recombination rates, the level of SSR heterozygosity seems 
uninfluenced by recombination. 
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Figure 4.8 - Positive correlation between recombination (cM/mB) and 
microsatellite density per Mb (r2=0.401, p< 0.08). 95% prediction interval 
represent the blue line, 95% confidence interval represent the green line. 
The distribution of heterozygosity at SSR loci can be shaped by selective 
sweeps, background selection and locus-specific differences in mutation rates. 
Many of these patterns may themselves be correlated. Based on our analysis, 
scaffolds 24, 30, 76, and 90 have multiple motif classes that are significantly 
more heterozygous than expected (Table 4.3b). Scaffold 90 also shows 
significantly higher G/C content (44%; average G/C=41%), which is contradictory 
to suggestions of an evolved efficiency of MMR in G/C rich regions of eukaryotes 
(Birdsell 2002). 
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Table 4.3a : Gene content vs SSR abundance 
Motif Size 
Abundance 1 2 3 4 5 6 2 to 6 extent Total 
scaffold_14 + 
scaffold_32 + + 





scaffold_74 + + 






scaffold_90 + + 2 
scaffold 98 - -1 





























Heterozygosity 1 2 3 4 5 6 2 to 6
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+ 1 
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Table 3a shows scaffolds that have overabundance or dearth of SSR motif types (95% CI). The 
total number of combined types is indicated in the total column. The column "2 to 6" indicates 
adundance or derth of motif types 2 through 6. The gene content of the scaffold is in the column 
"gene content". 
Table 3b shows scaffolds that have overabundance or dearth of SSR heterozygosity (95% CI). 
The total number of combined types is indicated in the total column. The column "2 to 6" 
indicates adundance or derth of heterozygosity for motif types 2 through 6. The g/c content of 
the scaffold is in the column labled "g/c content". 
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Conclusions 
The Daphnia pulex dataset provides us with a unique opportunity to study 
genome-wide SSR patterns using whole genome shotgun reads. Although 
recent sequencing technologies have greatly improved sequencing throughput, 
these new technologies introduce multiple errors that are absent from WGS 
sequencing. Furthermore, the large read size of WGS sequencing allows for 
alignment to larger motif types that smaller read lengths cannot span. Daphnia 
pulex has undergone a minimal amount of inbreeding prior to sequencing, 
retaining high relative levels of assayable SSR heterozygosity that may be 
removed from heavily inbred genome sequencing projects. 
SSRs, primarily microsatellites, are used commonly as genetic markers for 
population level studies. Our results show that in Daphnia pulex, levels of 
genome-wide SSR heterozygosity can not only vary with the length of motifs, but 
also by motif type in agreement with the studies of other organisms (Schug, 
Hutter et al. 1998; Ellegren 2000; Brandstrom and Ellegren 2008). Our genome-
wide results show that microsatellite loci with less than 6 repeats accumulate 
non-repeat unit polymorphisms at a greater rate than repeat length differences. 
In addition, AC/AG microsatellites accumulate repeat length differences at a 
greater rate than AT/GC microsatellites. Taken together, for Daphnia pulex, 
AC/AG repeats with a minimum of 6 repeats will provide the most resolution 
when used as genetic markers in Daphnia specific population level studies. 
Although the two available genome-wide microsatellite studies of fruit-fly (Schug, 
Hutter et al. 1998) and chicken (Brandstrom and Ellegren 2008) display similar 
in 
patterns of heterozygosity (highest AC/AG heterozygosity), microsatellites 
studies from additional taxa must be made before a broad recommendation for 
genetic marker motif type and repeat length can be made. 
In our analysis of SSR loci in the genome of Daphnia pulex we describe 
both the catalogue of SSR sequences and several aspects of abundance and 
variation that are motif specific. Patterns that are motif specific include levels of 
heterozygosity, motif specific rates of repeat length variation, and motif specific 
patterns of NRUPs. Current models of simple sequence repeat evolution 
suggest that the abundance and variation at SSRs results from a balance of two 
opposing mutational forces. SSRs have a repeat number dependent rate of 
evolution resulting in the loss and gain of perfect repeat units. By contrast 
NRUPs disrupt repeat patterns and break down larger repeats into smaller ones. 
We also find a propensity for end nucleotide base substitution in SSRs, which 
was also reported in the chicken genome (Brandstrom and Ellegren 2008), 
suggesting that end nucleotide base substitution shapes the specific patterns of 
SSR abundance in multiple genomes. In addition to nucleotide end bias, we 
identify a significant difference in nucleotide starting preference for dimer and 
trimer classes. 
Methods 
The fasta sequences used in this study are from the Daphnia pulex 
genome project. The DOE Joint Genome Institute (JGI) and the Daphnia 
Genome Consortium (DGC) have sequenced 2,729,325 shotgun clones that 
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result in 8.7x coverage of the Daphnia pulex genome. This sequence has been 
assembled using the JAZZ assembler, and consists of 9,080 scaffolds, 
containing a total of 1,591,853 reads, and 227.1 Mb. In this assembly, 103 
scaffolds represent the N50. The sequences can be downloaded at JGI 
(http://www.iai.doe.aov/Daphnia/) and the DGC (http://wfleabase.org/). The fasta 
sequences used in Figure 4.2 were taken from www.flybase.org (Drosophila 
melanogaster), www.wormbase.org (Caenorhabditis elegans), and 
www.yeastgenome.org (Saccharomyces cerevisiae). 
Detection of simple sequence repeats 
Programs written in PERL (available upon request) are used to count the 
number, length, location, and motif of all repeating motif lengths 1-100bps in the 
Daphnia n50 scaffolds, with a minimum repeat number of 3 repeats. A greedy 
algorithm is applied to finding the repeats. Once the first repeat is found, the 
location is noted and backmatching of the repeat is used to determine the length 
of the repeated motif. The program allows for no mismatches (all repeats are 
perfect repeats). Only the smallest motif in the repeat is counted, larger nested 
motifs are counted as the lowest common repeating motif (eg. GAGAGAGA is 
counted as 4 repeats of GA, not one repeat of GAGAGAGA or two repeats of 
GAGA). Each motif is defined by the first occurrence of a repeating nucleotide 
(eg. GA and AG are unique motifs). Because this is a greedy algorithm, motifs of 
the largest size are identified, regardless of sequence identity (eg. 
AAAGAGAAAGAG is counted as two repeats of AAAGAG, not two 
homopolymeric runs of AAA). 
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Measuring Heterozygosity 
To assay variation at SSR loci we used the AMOS reference assembler to 
assemble the 8.7X sequences (average read length = 774) to the JAZZ assembly 
at 90% identity to allow for an estimated 2-4% average sequence heterozygosity. 
This allows for heterozygous differences of between 6-8% (46-62 nucleotides). 
In order to remove paralogy, coverage depth at each position was limited to a 
maximum of 16 and a minimum of 4 inclusive. Loci that met these criteria 
through the entire repeat were extracted from the AMOS output and analyzed for 
indels of perfect repeats and point mutations. Variants that are greater than 1 
repeat unit in length were categorized as multi-step variations. In order to make 
a heterozygous call, we required a minimum of 2 consensus reads showing the 
variation. There were 966758 sites that only had one variant read for repeat 
differences and 1675976 sites that only had one variant read for SNP 
differences. The total number of reads covering these sites were 9468378 and 
15642919 reads respectively, leading to a read error rate of -0.1 for both types. 
Loci that had more than two alleles were thrown out of the analysis. There were 
1220 loci that displayed two or more heterozygotes SNP calls, and 277 loci that 
displayed more than two or more heterozygous repeat calls. (1497/6,062,268). 
The estimated frequency of paralogous loci in the dataset is 2.47eA-4. 
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Chapter V 
Spectrum of Segmental Variants Using Paired End Read Analysis of 
Mutation Accumulation Lines 
Large scale genome rearrangements, often described as segmental or 
structural variants (SV), are mutations that provide major substrates for 
evolutionary modification (Ohno 1970). The rearrangements caused by SVs can 
lead to development of novel fusion genes and can change the genomic context 
of flanking loci, sometimes even causing cancer (Lupski 2007). Accelerated 
expansion of SVs have often been linked to periods of rapid species evolution in 
primates (Bailey, Gu et al. 2002; Bailey and Eichler 2003) and other species 
(Tuzun, Bailey et al. 2004). Once thought to play a minor role in gene evolution, 
SVs are now considered to be primary contributors to both gene 
neofunctionalization and gene subfunctionalization from new combinations that 
can arise through from SVs (Lynch and Conery 2000; Lynch and Force 2000; 
Lynch, O'Hely et al. 2001). However, inserted SVs are generally homologous to 
their parent copy, making them difficult to study using standard biological 
techniques. In many cases, genomic rearrangements, particularly micro 
duplications are significantly underestimated (Osborne 2008). 
SVs have been estimated to arise approximately two to four orders of 
magnitude more frequently than base substitutions (Lupski 2007), and on a per 
nucleotide basis, exceeds base substitutions by a magnitude of five to seven 
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orders. The ultimate fate of SVs are governed by the same evolutionary forces 
as base substitutions (drift, selection, mutation, and recombination), and inserted 
SVs can provide large stretches of genetic material that can be refined through 
drift and selection into functional units (Lynch and Conery 2000; Lynch and Force 
2000; Friedman and Hughes 2001; Lynch, O'Hely et al. 2001). On the other 
hand, SVs come with a large inherent cost. Deleted or inserted segments that 
generate truncated genes can have large detrimental effects to the fitness of an 
organism, and duplication of SVs involving genes can interfere with gene 
dosage. Furthermore, SVs can accumulate deleterious mutations and increase 
mutation load. Because selection purges deleterious SVs from the genome 
(Lynch and Conery 2000; Lynch, O'Hely et al. 2001), surveying the initial rate and 
spectrum of SVs has proven difficult. 
Multiple indirect methods of calculating rates of SVs have yielded greatly 
varied results. By examining the number of silent site substitutions (Ks) in recent 
gene duplicates, Lynch and Conery (Lynch and Conery 2000) estimate the gene 
duplication rates of Drosophila melanogaster, Caenorhabditis elegans, and 
Saccharomyces cereiviase to be -2.3 * 10"9 per gene per year, 8.3 x 109/ per 
gene per year, and 2.1 x 10"8 per gene per year respectively. Estimates of gene 
duplication linked to visible phenotypes have yielded human gene duplication 
rates of 10"8 per gene per generation. Finally, reporter construct estimates using 
specific gene loci have yielded estimates ranging from 10"3 per gene per 
generation to 10"7 per gene per generation for bacteria, Drosophila, and humans. 
The most recent direct estimates of gene duplication rates using high throughput 
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sequencing coverage and comparative genome hybridization (CGH) report gene 
duplication rates of 3.4 x 10"7 per gene per generation and gene loss rates of 2.2 
x 10"7 per gene per generation for C. elegans (Lipinski, Farslow et al. 2011), and 
gene duplication rates of 3.4 x 10"6 and gene loss rates 2.1 x 10"6 for 
S.cerevisiae (Lynch, Sung et al. 2008). 
There are inherent biases in the methods described above that lead to 
large variation in SV rate estimates. First, translation of Ks estimates into 
applicable per generation rates requires assumptions about the number of 
generations that occur in a year (Lynch and Conery 2000). Additionally, 
traditional Ks estimates have been limited to single gene families, which ignore 
multi-gene families that may undergo higher rates of SV due to homologous 
recombination and are only a small subset of genes. Second, estimates of SV 
rates involving single loci constructs or detectable phenotypes are subject to loci 
specific differences in duplication and deletion rates. Finally, CGH assays are 
subject to detection biases based upon the selected oligos that are placed upon 
the array. If an SV does not span an oligo that is used on the array, no signal for 
that SV will be captured, and the SV will remain undetected. Furthermore, 
normalization of background noise in CGH can lead to misinterpretation of copy 
number. Taken together, the factors listed above have all contributed to an 
overall underestimation of SV rate. 
There are two major breakthroughs that have allowed scientists to 
overcome the biases that arise when studying segmental variants. First, in 
genome-wide studies, mutation accumulation lines (MA) have been shown to be 
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an unbiased estimator of the base substitution and small insertion deletion 
spectrum (Lynch, Sung et al. 2008; Denver, Dolan et al. 2009; Ossowski, 
Schneeberger et al. 2010). Under the MA process, organisms are propagated 
through a single individual bottleneck, reducing the efficiency of selection, 
allowing for the accumulation of even highly deleterious mutations. Thus, SVs 
which can be highly deleterious can be effectively neutral, and retained by the 
organism during the study. 
The second major breakthrough for studying SVs is through the use of 
high-throughput paired-end sequencing. This technology has recently emerged 
as an effective method for assaying SVs in a variety of organisms. By anchoring 
one end of the paired-end sequence in a unique genomic region and the other 
the end in the SV, it is possible to detect the context and location of SVs. 
Several algorithms have been developed for identifying SVs using paired-end 
high-throughput sequencing (Hormozdiari, Alkan et al. 2009; Hormozdiari, 
Hajirasouliha et al. 2010), and often when used in conjunction with CGH data can 
yield high probability SVs. When the paired-end sequencing strategy is 
employed on mutation accumulation (MA) lines, it offers a direct estimate of the 
complete SV rate without biases of generation time estimates, loci specific rates, 
signal normalization, or assayable sites. 
To assay the rate and spectrum of SVs we sequenced three C. elegans 
MA lines and four S. cerevisiae MA lines using high throughput paired end 
sequencing. In order to benefit from overlapping CGH data, these lines were a 
subset of the MA lines used in prior studies and in this thesis (Lynch, Sung et al. 
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2008; Lipinski, Farslow et al. 2011). The SVs detected were broken down into 
three major categories: insertions, deletions, and inversions. Transpositions and 
translocations were categorized as either insertions or deletions in respect to the 
analyzed region. We used a consensus method (see methods) that employed 
paired-end sequencing data, CGH data, and sequencing coverage to identify MA 
specific SVs. 
Rate of Segmental Variation 
Paired-end sequencing data was mapped to their corresponding reference 
genomes (see methods). Across four S. cerevisiae MA lines we identified an 
average of 1.50(0.87) segmental deletions and 14.25(4.27) segmental insertions 
(Table 5.1), which translate to a gene duplication and gene loss rate of 7.06 x 10" 
7
 and 3.47 x 10"8 per gene per generation respectively. The net gain for the four 
5. cerevisiae MA lines is 4.43 x 10"7 genes per generation. On a per nucleotide 
basis, the genome size of S. cereivisiae is increasing by 2.76 x 10"7 bp per 
generation. There were no inversions detected in the four S. cerevisiae MA 
lines. 
Across three C. elegans MA lines we identified an average of 570.33 
(160.74) segmental deletions, and 2.00 (1.00) segmental insertions (Table 5.2). 
The deletions involved 119 partial gene deletions and 153 full gene deletions, 
while the low numbers of insertions only involved in one partial gene. This yields 
a total gene duplication rate of 4.17 x 10"9, and a gene deletion rate of 9.46 x 10" 
6
. The net loss for the three C. elegans MA lines is 7.18 x 10"6 genes per 
120 
generation. On a per nucleotide basis, the genome size of C. elegans is 
decreasing by 2.03 x 10"6 bp per generation. There were a total of seven 
inversions observed across all lines, involving one gene, resulting in a gene 
inversion rate of 4.17 x 10"9 genes per generation. 
We were able to directly compare SVs using paired end methods with 
CGH analysis (Lipinski, Farslow et al. 2011) for C. elegans MA lines 41,81, and 
99. For C. elegans, Three out of seven SVs (two insertions, one deletion) 
flagged by the CGH analysis were also flagged using paired-end analysis. 
However, although the CGH method correctly identified the regions as SVs, it 
appears they are not insertion deletion (indel) events, but instead inversion 
events (Table 5.3). Inverted sequences will not bind to CGH arrays due to lack 
of homology of the inverted region when compared to the CGH oligos None of 
the overlapping SVs were directly sequenced, thus, we cannot determine the 
total number of indels that are misinterpreted using the CGH method. 
The average rate of gene duplication and gene loss in C. elegans 
obtained using aCGH methods is 3.4 x 10"7 and 2.2 x 10"7 per gene per 
generation. The rate of gene duplication obtained using paired end methods is 
lower than aCGH results, while the rate of gene loss in C. elegans is higher when 
using paired end methods. The lower rate of gene duplication can be attributed 
to the inclusion of inversions in the total gene duplication rate. Further 
verification of the large number of C. elegans deletions is required to determine 
whether the difference in gene loss is due to signal issues with aCGH data or 
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whether the paired end output is incorrect. Regardless, it appears that the rate of 
gene loss in C. elegans is significantly higher than the rate of gene gain. 
Based upon aCGH data, the average rate of gene duplication and gene 
loss across 8 MA yeast lines is 3.4 x 10"6 and 2.1 x 10"6 per gene per generation 
respectively. However, for the four specific lines that were analyzed in both 
aCGH and paired end analysis, the average rate of gene duplication and gene 
loss is 7.74 x 10"8 and 3.32 x 10"8 respectively. The rate of gene duplication 
(7.06 x 10"7) is higher using paired-end analysis, and the rate of gene loss (3.47 
x 10"8) is identical to aCGH analyses. 
Conclusions 
Our results show a stark difference between the direction and rate of the 
structural variants between the two species. We observe a greater number of 
segmental insertion events in S. cerevisiae, approximately ten fold more than 
segmental deletion events. In contrast, C. elegans displays a greater number of 
deletion events; approximately -185 fold more than segmental insertion events. 
One possible explanation for this result is that the proportion of S. cereivisiae 
genome that contains coding sequence is much greater than the proportion of 
the C. elegans genome that contains coding sequences. Thus, large SVs will 
generate greater deleterious effects in S. cerevisiae than C. elegans. 
Furthermore, C. elegans is a diploid organism which provides genetic 
redundancy and robustness against deleted SVs (Gu, Steinmetz et al. 2003). 
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The high rate of gene loss (9.46 x io b per gene per generation) from this 
experiment exceeds any prior estimate of gene loss in C. elegans, and is 10 fold 
greater than recent aCGH hybridization estimates of gene loss (Lipinski, Farslow 
et al. 2011). This idea is consistent with rapid rates of gene loss in HOX clusters 
in C. elegans (Aboobaker and Blaxter 2003) as well as high rates of gene loss 
found in genome- wide analyses of C. elegans (House, Runnegar et al. 2003). 
Similar to point mutations, the rate of fixation of SVs is dependent on the 
rate of initial mutations and the effective population size of the organism (Lynch, 
O'Hely et al. 2001). Thus, if the rate of gene duplication is much higher than the 
rate of point mutations, the evolution of organisms will be driven primarily by 
gene duplication instead of point mutations. We estimate the rate of gene 
duplication to be equivalent to the rate of point mutations in C. elegans (-10"9) 
(Denver, Dolan et al. 2009) and -10 fold higher than the rate of point mutations in 
Yeast (-10"9) (Lynch, Sung et al. 2008). This suggests that the influence of gene 
duplication is at least equivalent to the influence of point mutations in the 
evolution of the two genomes. 
Quite often, gene duplicates and deletions are only partial fragments of 
the entire gene, and may be missing introns, open reading frames, or upstream 
regulatory elements. 44% of all SVs in C. elegans and 61 % of all SVs in yeast 
involve incomplete genes. Fragmented genes are likely to result in 
subfunctionalization or pseudogenization of the original gene and evolve at faster 
rates than the ancestral allele. 
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By analyzing silent site divergence at gene duplicates, Katju and Lynch 
found that 69% of young gene duplicates in C. elegans reside in inverse 
orientation from the original copy (Katju and Lynch 2003) and retain their introns. 
This suggests that the inverted SVs are not RNA-mediated, but instead the result 
of primary rearrangement caused by strand or polymerase displacement. The 
results found here are consistent with the expectation of high rates of gene 
inversion (4.17 x 10"9 per gene per generation) that are nearly equivalent to the 
initial spectrum of gene duplications (4.17 x 10"9 per gene per generation). 
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Table 5.1 - Saccharomyces cerevisiae segmental variants 
Paired End Statistics 
Pair Distance Ave 
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Table 5.1 -Saccharomyces cerevisiae segmental variation rate determined using paired end 
sequencing process. Segment rate is determined using 6000 genes and 4000 generations. 
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Base pair rate determined using 1E8 bp and 4000 generations. 
Table 5.2 - Caenorhabditis elegans segmental variants 
Paired End Statistics 
Pair Distance Ave 





































































































































































Table 5.2 - Caenorhabditis elegans segmental variation rate determined using paired end 
sequencing process. Segment rate is determined using 20000 genes and 4000 generations. 
Base pair rate determined using 1E8 bp and 4000 generations. 
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Read orientation denoted using forward (+) or reverse (-). 
Regions annotated as inserted and deleted SVs in Lipinski et al. (Lipinski, Farslow et al. 2011) 
MA99 - Chr. 1 - insertion -10,721,038 
MA99 - Chr. 3 - insertion -10,721,038 
MA99 - Chr. 3 - deletion -12,189,728 
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Methods 
We broke down segmental variants into three major categories, insertions, 
deletions, and inversions. 
Segmental insertions can be identified using three types of paired end reads. 
1) If the size of the insertion is smaller than the library size, the pairs will 
map to distances that are smaller than expected. These insertions can be 
identified by their concordant pairs (+/+ or -/-) that are significantly shorter than 
the paired end read library size. This identification method favors larger library 
sizes. 
2) If the insertion is larger than the library size and the inserted DNA is 
foreign to the reference, only one pair will map to the reference genome (pair 
orientation -10, 0/-, +/0, 0/+). In addition, reads that map to the opposite side of 
the foreign insertion will have the opposite pair orientation, with one of the paired 
reads mapping and the other unmapped. 
3) If the insertion is larger than the library size and the inserted DNA is 
native to the reference, the insertion will either appear to be a large scale 
insertion, or a translocation. 
In order to identify segmental insertions, we extracted all read pairs that 
mapped one standard deviation less than the mean to the reference. We 
combined the smaller than expected read pair distances with singly mapping 
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reads. Any combination of at least two unique sets of reads that involves smaller 
than expected paired distances, and singly mapping reads are considered 
putative insertions. 
Segmental deletions can be identified using three types of paired end 
reads. 
1) When a segmental deletion occurs in a mutation accumulation line, the 
sequencing mate pairs will map to distances that are further than expected. 
Deletions are identified by their concordant pairs (+/+ or -/-) that are significantly 
larger than the library pair size mean. 
2) Deletions should not involve singly mapping reads. 
In order to make a deletion call we required at least two unique reads 
indicating a deletion. 
Segmental inversions can be identified using pair alignments that share 
identical pair directions (+/+ or -/-) when mapped to the reference genome. 
These putative inversions can result in three scenarios. 
1) The inversion is significantly smaller than the library size. This will lead 
to an inverted sequence. 
2) The inversion sequence is reversed 5' -> 3'. The pairs on the 5' end of 
inversion will be significantly larger than the average segment size. The pairs on 
the 3' end of the inversion will be significantly smaller than the average segment 
size. 
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3) The inversion sequence is reversed 3' -> 5'. The pairs on the 3' end of 
inversion will be significantly larger than the average segment size. The pairs on 
the 5' end of the inversion will be significantly smaller than the average segment 
size. 
In order to make an inversion call we required at least two unique paired 
end reads indicating an insertion. 
MA Process 
32 independent haploid yeast lines were passed through single-cell 
bottlenecks on a 3-4 day cycle for 200 cycles. Each cycle originated from a 
single colony picked from a YPD (yeast extract/peptone/dextrose) agarose 
medium, and streaked after the completion of the cycle. Four lines were selected 
for high throughput 454 sequencing (A1, A4, C5, C8). Each yeast culture was 
grown to a size of -2x10A7 cells prior to DNA extraction. DNA extraction was 
done using Qiagen genomic tip 500/G kit according to manufacture protocols. 
The DNA quality control for each line was done using a spectrophotometer assay 
(OD A260/280 - 1.8) and sequenced on a 454 sequencing machine at The 
Center for Genomics and Bioinformatics at Indiana University. These lines are 
the identical lines used in previous genome-wide base substitution studies using 
454 (Lynch, Sung et al. 2008). 
99 independent diploid C. elegans lines were passed through single 
organism bottlenecks on a 3-4 day cycle for -400 cycles. Each cycle originated 
from a single organism picked from NGM (ethanol/peptone/agar/1 ml 
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cholesterol/CaCI2/MgCI2/Yeast Extract) agar seeded with OP50 E.coli, and re-
plated after the completion of the cycle. Three lines were selected for high 
throughput 454 sequencing (L41, L83, L99). Seven lines were selected for high 
throughput 454 sequencing using lllumina (B523, B526, B529, B538, B545, 
B553, B574). Approximately 20ml of C.elegans were harvested prior to DNA 
extraction. DNA extraction was done using Qiagen genomic tip 500/G kit 
according to manufacture protocols. The DNA quality control for each line was 
done using a spectrophotometer assay (OD A260/280 - 1.8) and sequenced on 
a 454 sequencing machine at The Center for Genomics and Bioinformatics at 
Indiana University. These lines are the identical lines used in previous genome-
wide base substitution studies using 454 (Denver, Dolan et al. 2009). 
Both lines employed a 2.5kb library, and were sequenced to a coverage 
depth of ~4x, with a total paired end read coverage of ~10x. The reads for each 
MA line selected for 454 sequencing (CE41, CE83, CE99, SCa1, SCa4, SCc5, 
SCc8) were individually assembled using the 454 assembler NEWBLER 
(Margulies, Egholm et al. 2005) at default paired end read parameters. For 
reference sequences we used the C. elegans WS185 reference genome (Harris, 
Antoshechkin et al. 2010) and the yeast genome reference (SGD 2010). 
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Bioinformatics Procedures 
#Example assembly using newbler for CE41 
#modify config file 454MappingProject.xml 
newMapping ce41 
addRun -p pairs.s1 r1 .sff 
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Appendix A - Saccharomyces cerevisiae base substitutions 
Summary of the mutations detected in Yeast MA lines. 
Location 
Chr. 5-351995 
Chr. 11 - 605009 
Chr. 8-262187 
Chr. 10-33149 
Chr. 16 - 834238 
Chr. 16 - 331354 
Chr. 15 - 679548 
Chr. 11-239813 
Chr. 7 - 67430 
Chr. 3 - 54214 
Chr. 15 - 541599 
Chr. 12 - 277642 
Chr. 7 - 804473 
Chr. 7-625107 
Chr. 9 -154205 
Chr. 13 - 560365 
Chr. 8-231499 
Chr. 15 - 986649 
Chr. 13 - 503024 
Chr 13 - 913509 
Chr. 13 - 824994 
Chr 7-561788 
Chr. 2 -125366** 
Chr. 12-617519 
Chr. 13 - 213440 
Chr. 2-536163 
Chr 16 - 804029 
Chr. 2 - 696533 
Chr. 4 -1148647 
Chr. 9 - 380265 
Chr. 12 - 716670 
Chr. 14 - 688148 
Chr. 4-117354 
Type 
Ts A -> G 
Ts C -> T 
Ts C -> T 
Ts C -> A 
Ts G -> A 
Ts G -> A 
Ts G -> A 
Ts G -> A 
Ts G -> A 
Ts T -> C 
Ts T -> C 
Ts T -> C 
Tv A -> C 
Tv A -> C 
Tv A -> C 
Tv A -> T 
Tv A -> T 
Tv C -> A 
Tv C -> A 
Tv C -> A 
Tv C -> A 
Tv G -> C 
Tv G -> C 
Tv G -> C 
Tv G -> C 
Tv G -> C 
Tv G -> T 
Tv G -> T 
Tv G -> T 
Tv G -> T 





TTCATCATCCT -> TTCATTATCCT 
TAGAACTGTCC -> TAGAATTGTCC 
GGAAGGATAT -> GGAAGAATATA 
GTTATGTGAAA -> GTTATATGAAA 
CCAGTGAGGAT -> CCAGTAAGGAT 
GAACTGCTAAA -> GAACTACTAAA 
AACTAGATTGA -> AACTAAATTGA 
AAGGCGGATTT -> AAGGCAGATTT 
TCCTTTACAAA -> TCCTTCACAAA 
GAATTTCTTAC -> GAATTCCTTAC 
CATTGTTCTCA -> CATTGCTCTCA 
CTTTGAATTGG -> CTTTGCATTGG 
CCTTGAAGTGC -> CCTTGCAGTGC 
CTTATAGAAGG -> CTTATCGAAGG 
ACCATAATCAA -> ACCATTATCAA 
TGGATATTGTA -> TGGATTTTGTA 
TGCTGCGTCGC-> TGCTGAGTCGC 
CGAACCGTAAA -> CGAACAGTAAA 
CCTGTCGACCT -> CCTGTAGACCT 
CCCGTCACTCA -> CCCGTAACTCA 
TAATCGTGCAC -> TAATCCTGCAC 
TGTGTCCAAGC-> TGTGTGCAAGC 
GGGAAGGGTTT -> GGGAACGGTTT 
CTGGCGGATCG -> CTGGCCGATCG 
CAGAAGAAACG-> CAGAACAAACG 
CAGGTGCCAGA -> CAGGTTCCAGA 
AGAACGTCTTC -> AGAACTTCTTC 
TGGATGCTAAG -> TGGATTCTAAG 
TGAGAGTCAGCG -> TGAGATTCAGCG 
CTATAGAATTT -> CTATATAATTT 





































Appendix B - Caenorhabditis elegans base substitutions 
Mutations identified in C. elegans MA 
MA line 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
Chromosome 
IV 
IV 
IV 
IV 
IV 
IV 
V 
V 
V 
V 
V 
V 
Chr. pos. 
8,674,179 
9,189,295 
12,064,178 
12,672,011 
13,570,220 
15,057,962 
850,748 
4,818,610 
5,776,557 
10,902,670 
14,115,903 
1,954,193 
4,349,242 
6,279,717 
6,753,346 
7,746,029 
8,185,615 
11,361,124 
11,933,988 
12,320,945 
207,274 
5,606,712 
6,745,910 
8,030,582 
10,672,331 
13,806,357 
3,210,692 
5,552,103 
6,126,604 
6,162,511 
6,709,614 
6,743,108 
ines 
Ref. 
G 
C 
C 
C 
T 
T 
G 
C 
G 
G 
C 
C 
A 
C 
T 
C 
T 
C 
G 
G 
A 
T 
T 
G 
C 
G 
C 
C 
T 
C 
C 
A 
Mut. 
A 
A 
A 
A 
G 
G 
T 
A 
T 
T 
A 
A 
T 
A 
A 
A 
A 
T 
A 
T 
T 
G 
G 
T 
A 
T 
A 
T 
G 
A 
G 
G 
Coding 
IG 
IN 
IN 
IN 
EXKN 
IN 
IG 
IG 
IG 
IG 
IN 
IN 
UTR 
IG 
EXSR 
IN 
IN 
IN 
UTR 
IN 
IG 
UTR 
EXRS 
IG 
EXPQ 
IN 
IN 
EXSyn 
UTR 
UTR 
EXVL 
IG 
Gene 
F25H5.1a 
F58D5.1 
T26E3.3b 
Y87G2A.6 
F31C3.6a 
K09E4.4 
R155.1a 
B0285.5 
K07E12.1b 
ZK112.7 
C50C3.2 
T28D6.4 
Y56A3A.7 
Y75B8A.28 
F26D12.1d 
Y73B6A.5b 
K08C7.3a 
Y45F10D.14 
K08D9.3 
C18C4.5b 
W06H8.8a 
W06H8.8a 
W02F12.6 
142 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B523 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
V 
V 
V 
V 
V 
V 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
IV 
IV 
IV 
7,505,278 
9,755,133 
9,965,093 
18,438,356 
18,937,368 
20,521,439 
438,602 
2,288,224 
3,643,663 
9,054,310 
9,603,552 
10,023,716 
10,554,248 
10,771,180 
12,386,013 
13,874,109 
13,924,547 
14,475,404 
15,870,973 
332,080 
846,347 
3,940,818 
13,725,939 
13,726,945 
13,897,984 
4,719,614 
5,642,850 
8,602,367 
8,847,032 
12,109,557 
14,439,890 
14,986,500 
4,220,286 
5,814,711 
6,232,684 
9,609,774 
9,941,480 
12,420,745 
3,268,605 
3,986,083 
4,720,847 
C 
T 
T 
T 
T 
G 
T 
G 
C 
G 
T 
T 
G 
G 
T 
C 
G 
C 
T 
T 
C 
C 
A 
G 
T 
G 
C 
A 
A 
T 
C 
A 
C 
A 
A 
A 
C 
A 
C 
C 
G 
A 
A 
G 
G 
G 
A 
G 
C 
A 
T 
G 
C 
A 
T 
G 
A 
T 
A 
A 
C 
T 
A 
C 
T 
A 
A 
A 
G 
C 
A 
T 
T 
T 
C 
T 
G 
A 
T 
G 
T 
A 
IG 
IN 
IG 
IN 
IG 
IG 
IG 
IG 
IN 
IG 
IG 
IG 
EXAV 
UTR 
IG 
IG 
EXQK 
IN 
IG 
IG 
IN 
EXCF 
IN 
EXRS 
IG 
EXHY 
EXCF 
UTR 
EXSyn 
IN 
IG 
IN 
IG 
IG 
IG 
IN 
IG 
IG 
IG 
IG 
IG 
F58E6.8 
ZK262.8 
RllG1.6b 
F59F5.6 
T05A10.1 
K02B9.2 
M163.5 
ZC123.4b 
T21E3.3 
Y6B3B.10 
Y6B3B.10 
F10G7.10C 
F59E12.9 
F28C6.3 
T14D7.1 
Y17G7B.19 
Y53F4B.6 
F58A4.14 
143 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B526 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
IV 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
X 
X 
IV 
IV 
IV 
14,184,416 
1,136,650 
4,195,244 
4,687,038 
5,382,537 
8,145,917 
9,725,759 
10,255,675 
11,335,639 
11,703,062 
18,914,852 
18,914,873 
20,114,232 
15,606,263 
16,060,244 
2,081,947 
6,458,159 
8,698,265 
11,042,658 
11,042,669 
11,042,691 
12,026,047 
2,096,553 
2,456,585 
8,748,242 
11,719,741 
12,665,757 
14,480,969 
2,141,317 
3,976,933 
4,279,969 
4,757,631 
5,516,761 
7,283,843 
9,928,813 
10,971,405 
11,663,829 
12,942,117 
3,763,774 
10,307,309 
10,991,629 
A 
G 
C 
T 
C 
C 
G 
G 
A 
A 
A 
A 
A 
G 
C 
T 
C 
T 
T 
G 
C 
A 
T 
A 
G 
A 
G 
G 
T 
T 
T 
C 
A 
T 
C 
T 
A 
A 
C 
C 
T 
T 
A 
A 
G 
G 
G 
T 
A 
T 
G 
T 
T 
C 
T 
T 
A 
T 
A 
A 
A 
A 
C 
C 
T 
C 
C 
T 
C 
A 
G 
A 
A 
C 
A 
T 
C 
G 
T 
T 
T 
G 
IN 
EXSyn 
IG 
IN 
IG 
IN 
UTR 
IG 
IG 
EXLP 
IN 
IN 
IN 
EXTK 
IG 
IN 
EXSyn 
UTR 
IN > 
IN 
IN 
EXTP 
EXSyn 
IN 
IG 
IG 
IG 
IG 
IN 
IG 
UTR 
EXHN 
EXFC 
UTR 
EXSyn 
IN 
UTR 
IG 
IN 
EXEK 
IN 
R05A10.1 
W07B8.1 
K03B4.3a 
D1014.2 
F40F9.6b 
W05E10.3 
Y80D3A.5 
Y80D3A.5 
Y113G7A.4b 
K09A9.2 
Y37E3.11 
T23H2.5 
F39H11.2 
Y52B11A.10 
Y52B11A.10 
Y52B11A.10 
Y53C10A.10 
T16A1.2 
F53G2.4b 
Y48G9A.4 
R10E4.2C 
B0393.3 
D1044.8 
B0361.3 
K03H1.4 
W05B2.4 
Y41C4A.4d 
Y37E11AR.6 
R09E10.4a 
F13H10.5 
144 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B529 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
IV 
IV 
V 
V 
V 
V 
V 
V 
X 
X 
X 
X 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
V 
16,877,277 
17,334,535 
6,107,945 
8,622,678 
9,514,941 
11,818,582 
13,950,427 
15,948,457 
13,878,784 
15,565,120 
15,839,966 
17,700,319 
1,703,022 
2,096,826 
2,262,582 
8,513,058 
4,891,425 
6,734,010 
9,137,638 
11,729,100 
13,339,236 
13,713,072 
1,218,437 
3,269,366 
4,227,143 
7,295,033 
8,424,693 
10,377,648 
10,506,435 
12,341,820 
1,201,160 
1,201,163 
4,169,393 
5,897,562 
9,708,793 
10,138,214 
10,444,699 
14,935,553 
15,149,214 
15,862,330 
4,219,211 
G 
G 
G 
G 
A 
T 
A 
G 
C 
T 
A 
G 
T 
G 
C 
C 
G 
T 
G 
G 
T 
C 
G 
T 
G 
T 
A 
G 
A 
C 
C 
G 
A 
C 
G 
G 
C 
A 
A 
A 
T 
T 
A 
T 
T 
C 
C 
c 
T 
T 
A 
T 
T 
A 
A 
T 
T 
A 
C 
A 
A 
A 
T 
A 
C 
A 
G 
C 
C 
T 
G 
G 
C 
G 
T 
C 
C 
A 
G 
C 
T 
G 
IG 
EXSyn 
EXGV 
UTR 
EXSyn 
EXEG 
IG 
IG 
IN 
IG 
IG 
IN 
IN 
IG 
EXW* 
IG 
IG 
IG 
IG 
IN 
IN 
IN 
IN 
EXTA 
IG 
UTR 
IG 
IG 
EXFY 
EXSyn 
IN 
IN 
EXIV 
UTR 
EXFL 
EXLF 
UTR 
IG 
IG 
IG 
IG 
C49C3.15 
F17A9.2 
F41E6.14 
FllA3.2b 
D2023.2 
T21H8.5 
F20B4.6 
Y71G12B.13 
F12B6.1 
F13D12.4a 
Y48C3A.10 
Y54G9A.4 
Y119D3B.17 
Y53G8AM.8 
B0361.2b 
F43D9.4 
Y75B8A.35b 
Y104H12D.3 
Y104H12D.3 
K08D10.5 
H04M03.12 
K01H12.2 
K08F4.12 
F13B12.4 
145 
B538 
B538 
B538 _, 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B538 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
B545 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
5,700,059 
5,863,569 
6,371,570 
7,108,807 
8,560,690 
14,558,416 
14,660,728 
14,754,749 
18,720,431 
19,188,775 
19,674,438 
1,314,633 
2,704,414 
3,123,501 
4,291,900 
7,009,454 
9,343,598 
9,995,331 
10,390,315 
13,327,670 
17,685,744 
4,577,980 
5,407,741 
5,949,847 
9,441,389 
12,565,009 
197,503 
1,440,488 
2,719,869 
4,127,502 
7,904,944 
8,666,123 
8,951,399 
10,749,957 
12,214,292 
2,375,564 
2,833,519 
4,543,112 
9,655,358 
11,479,697 
13,346,273 
G 
T 
C 
G 
A 
C 
C 
T 
T 
A 
C 
G 
C 
A 
A 
A 
A 
C 
A 
A 
C 
T 
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